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Several technologies have been developed to palliate the global and growing threat of 
water contamination by heavy metals, as well as to recover the precious resource. Natural 
groundwater contamination occurs from usually nickel, lead, cadmium and zinc cations, which 
can be cost-efficiently removed and recovered by selective ion exchange resins, regenerated 
via acid and caustic soda treatment, yet for higher than ppb level contamination, such as in ore 
mining effluents. Meanwhile, the removal of iron and manganese species from groundwater 
can be achieved by aeration and sand filtration depending on the water pH. Adsorption of 
manganese on manganese oxide adsorbents, as well of a wide range of metal cations of different 
valence on ferric hydroxide adsorbents has shown to be an efficient method and is 
commercialized for the recovery of heavy metals. The adsorption technique combines waste 
minimization with a cheaper implementation and operation cost. However, kinetics and 
performance for a lower adsorbent dose could be improved to enhance the process efficacy. 
Nanomaterials benefit from a significantly increased surface of contact and hence 
surface reactivity, which in turn leads to faster adsorption kinetics. In particular, metal and 
metal oxide nanoparticles have shown outstanding adsorption capacities towards selected 
heavy metal ions, exploiting the unique chemical affinities between metals, as in the above 
presented bulk adsorbents.  Several adsorption mechanisms can be advocated depending on the 
adsorbent-adsorbate couple, which widen the range of recoverable contaminants. Examples 
include metal alloying, or electro-reduction with the combination of physisorption on the outer 
sphere of the adsorbent, followed by chemisorption and surface reduction. However, metal 
oxide nanoparticle adsorbents are subjected to prevalent surface interactions such as Van der 







Rather than immobilizing ceramic nanoparticles on a substrate and lower the adsorption 
performance, the scaffolding of metal-based nanoparticles into a nanoparticle necklace-like 
structure such as nanofibers have been here considered to stabilize the nano-adsorbent in water. 
Metal-based nanofiber webs allow for the preservation of a competitive performance while 
tackling the leaching and handling issues that prevent the application of other nanomaterials. 
The aim of this Thesis is the establishment of a synergy between the nanofiber web 
fabrication route and its performance in the removal and recovery of heavy metal ions from 
water. The first objective of this Thesis is to ally nanofiber surface reactivity and mechanical 
strength in the fabrication of metal and metal oxide nanofibers. Electrospinning was chosen as 
a nanofiber fabrication route for it allows versatility in the obtained fiber and web morphology 
and is an already implemented technology. Following electrospinning of a sol-gel precursor 
formed by a polymer template cross-linked with metal ions, the composite nanofiber web is 
annealed to selectively remove the organic content and initiate nucleation, crystallisation and 
coalescence of metal atoms. A subsequent step of thermal reduction under a partial hydrogen 
atmosphere allows for the control of the metal reduction degree in both surface and bulk of the 
nanofiber.  A direct thermal reduction of the electrospun composite nanofibers was also 
investigated to improve the control in the formed crystal size and shape distribution. Although 
the fabrication route for metal and metal oxide nanofibers has already been reported in the 
literature, a deep characterisation study on the influence of the parameters of the fabrication 
route onto the nanofiber morphology, composition and microstructure is lacking. This 
characterisation studies are critical to analyse the synergy between the fabrication route and the 
metal-based nanofiber scaffold performance. Furthermore, this study can help the fabrication 
of other metal-based nanofibers, or for different applications requiring other material properties 







The second objective of this Thesis is the demonstration of the potential of metal-based 
nanofiber scaffolds as adsorbent for in water heavy metal ion remediation. The kinetics and 
mechanisms of adsorption were first studied and the resulting efficiency benchmarked. 
Furthermore, the adsorbent study was completed with investigations on the heavy metal 
recovery via desorption and adsorbent recyclability. The influence of the solution pH as well 
as the presence of competitive ions and other metal ions in solution was investigated to 
establish a performance profile regarding the resistance to water quality, the part of electrostatic 
interactions played in adsorption, and the metal ion selectivity. Bimetal-based nanofibers have 
been synthetized, on the hypothesis that combining metals chemical affinities with other 
different metals would accelerate and maximize the uptake for selected metal ions. Industrial 
water samples have been collected to test the performance of metal-based nanofiber scaffolds 
in realistic conditions. Then, several protocols of desorption using either chemical or physical 
processes were investigated with the emphasis on the recovery of surface-adsorbed and reduced 
metal. The adsorbent regeneration was performed by a repeat of the thermal surface reduction 
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Chapter 1. Introduction 
 
Metals or metalloids are naturally present in water streams, released from the Earth’s 
crust by erosion, and in adequate concentrations, several heavy metal elements are 
micronutrients essential to life [1, 2]. Heavy metal water contamination concerns water streams 
with a metal content higher than the natural background concentrations, determined by the 
natural abundance of the metal element [2, 3]. The increase of heavy metals concentration in 
effluents is in a majority of cases of anthropogenic nature.  
Several industries play a significant role in the water contamination of selected metal 
contaminants, with, for instance, the release of chromium from tanneries or wood preservatives, 
or the release of lead from fuel atmospheric deposition, paint, sewage or waste disposal [4-7].  
The mining industry, with especially the use of acid mine drainage, is a major contributor of 
water contamination with ore elements [2]. In Australia, coastal sites were found to be the more 
at risk from the side-effects of heavy metal contaminated waters, as metal contamination was 
determined to happen more likely around mining, industrial, and large urban areas [2, 8]. The 
effects of heavy metal water contamination on human health are specific to the metal element 
considered and its concentration in effluent, yet heavy metal intoxication has been shown to 
lead to organism malfunctions. As heavy metals accumulate in organisms, these elements 
biomagnify throughout the food chain, leading to direct concerns of intoxication via food intake 
originating from contaminated waters [1, 3, 7, 9]. To preserve the environment, wildlife and 
human health, the emission of heavy metals in waste effluents has been legislated in different 
countries with strict discharge criteria, including the Australian and New Zealand Guidelines 







constantly looking for cost-efficient waste effluent pre-treatment techniques that would also 
enable the recovery of this harmful yet precious resource.  
Conventional techniques to recover heavy metals from wastewaters include chemical 
precipitation, coagulation and flocculation, or biodegradation such as in municipal water 
treatment plants [11]. However, these techniques may be time consuming or non-selective, and 
also lead to the production of large amounts of concentrated waste sludge to be disposed of.  
Heavy metal removal by ion flotation yields higher efficiencies than the most conventional 
methods and results as well in an increased metal content in sludge, yet also demands high 
capital and operational costs [11]. Other technologies, such as ion exchange or membrane 
separation, have shown competitive performance for the removal of heavy metal ions, but also 
generate secondary pollution streams upon regeneration of the resins or membranes [11, 12]. 
Electrochemistry and electromagnetism showed to be highly efficient techniques, however 
respectively limited by the energy demand and the magnetic behaviour of the target metal 
contaminant [11, 12]. Adsorption, rather than complexation, precipitation, biological uptake or 
filtration, appears to be a more suitable treatment method for the capture and recovery of heavy 
metals. Provided the right choice of adsorbent material, the technique potentially combines 
competitive cost-efficiency, low capital and operation cost, with the recovery of the metal 
resource and the recyclability of the adsorbent [11].  
Naturally occurring adsorbents for the partitioning of heavy metals in still waters are 
iron and manganese oxyhydroxides, particulate organic matter, and clays [2]. Commercially 
available material solutions include granulated activated carbons, which use is limited by the 
operation cost, or granulated iron hydroxide, which efficiency can be improved. Rather than 
exploiting clays and other low-cost bio-sourced adsorbent materials, able to yield complete 
heavy metal removal but limited by disposal or recovery, metal nanomaterials have been 







in an increase in the material surface reactivity, but is however accompanied by a decrease in 
the material handling ability [13, 14]. Indeed, metal oxides nanoparticles have previously been 
synthetised for the aqueous adsorption of heavy metals, and showed to agglomerate in water 
under the action of surface interactions between the particles oxide surface layers [13]. In order 
to tackle the adsorbent mechanical stability limitation and preserve the total surface preferential 








Chapter 2. Literature review 
 
2.1. Objectives and structure of the thesis 
First, the fabrication of metal-based nanofiber scaffolds will be presented. In a second time, 
the obtained nanofibrous structures will be in depth characterized in order to establish a synergy 
between the chosen fabrication route and the nanofiber web performance. Then, the potential 
of metal-based nanofiber scaffolds in water remediation, with the adsorption of heavy metal 
ions will be discussed.  
This Thesis, aiming at developing a material solution to the contamination of water streams 
by heavy metals, will be organised as follows: 
The different developed water treatment methods for heavy metal ion capture are presented 
in Chapter 2. This comprehensive literature reviews recalls the fundamentals of the adsorption 
theory and will lead to a better understanding of the required characteristics and properties an 
adsorbent must have to successfully recover heavy metal contaminants. Furthermore, the 
different fabrication routes to this day developed for the synthesis of metal-based nanofiber 
scaffolds are here detailed in order to be able to reach the pre-determined adsorbent desired 
nanofiber structure.  
Chapter 3 will introduce the materials and protocols used and followed in this Thesis. The 
materials chosen for the nanofiber web synthesis as well as the characterisation techniques are 
detailed and justified. In particular, the theory and experimental protocol of the synchrotron 
techniques are thoroughly covered. Furthermore, the elaborated systems of adsorption are 
presented. 
Chapter 4 is focused on the fabrication of polymer-metal composite nanofibers. This 







discussion about the trade-off between higher metal content and ability to electrospin. In 
addition, the impact of the electrospinning parameters, determining the amount of precursor at 
the needle tip and the strength of the electric field, onto a metal-containing precursor will be 
discussed.  
Chapter 5 is dedicated to the transformation of electrospun composite nanofibers into metal 
and/or metal oxide nanofibers.  An in-depth characterisation of the obtained crystal structures 
as well as reduction degree in function of the followed annealing route will be here discussed, 
to be linked to the material surface reactivity and mechanical strength properties.  
The potential of metal-based nanofiber adsorbents towards selected heavy metal ions will 
be discussed in Chapter 6. The study and benchmark of the adsorptive performance of metal-
based nanofiber webs on model solutions will first be presented. Then, the potential for 
adsorbent regeneration and heavy metal recovery will be discussed.  
Chapter 7 focuses on the performance of metal-based nanofibers in the adsorption of heavy 
metal ions under realistic conditions, with the consideration of two industrial effluents of 
preserved wood and spent batteries acid digestion. 
Finally, Chapter 8 will summarise the major results of the Thesis and designate new 












2.2. Removal of heavy metal ions from wastewaters 
 
Heavy metal ions can be found in industrial wastewater streams, such as battery 
manufacturing, mining and metal plating industries, textile or tannery industries, or from 
agricultural effluent sources, in the form of pesticides or fertilizers [15]. Heavy metal ions form 
stable and persistent contaminants since they can hardly be biodegraded by living biomass, and 
therefore accumulate in tissues and living organisms. The presence of heavy metals in 
organisms is responsible for many diseases and intoxications [15]. Side effects on human health 
and environment of selected heavy metal elements are reviewed in this section. Then, levels of 
contaminations for heavy metal-containing effluents as well as localisation of the heavy metal 
pollution will be presented. Conventional and newly developed methods in use for the removal 
of heavy metal ions from wastewaters will then be surveyed. Among them, adsorption will be 
further specifically investigated in the following sections, for its high potential to reach over 
95% removal efficiency, allowing for possible heavy metal recovery. Finally, the potential 
candidates to be used for adsorption will be reviewed in light of the required properties for an 
efficient heavy metal ion adsorbent.  
 
2.2.1. Impact of heavy metal water contamination on the environment and 
human health 
 
Health and environmental impacts of aqueous effluents containing arsenic, copper, 
chromium, manganese, zinc, and nickel are reviewed herewith. Mercury, lead and cadmium 
ions have also been included in this section though won’t be considered for experiments due to 
safety reasons, as their impact on human health is critical. Finally, the consequences of water 







Mercury was commonly used in thermometers, barometers, or as an electrode in the 
chlorine electro-chemical manufacturing industry [3]. It has also been widely used in gold 
mining industry for the smelt of gold, which is still currently used in some developing countries. 
Approximatively one unit of mercury is emitted into the environment for every unit of gold 
produced by small-scale miners, a total of as much as 1,000 tons of mercury which are emitted 
each year and released in waters [16]. Inorganic mercury is converted into organic compounds 
such a methyl mercury, which is persistent, bio-accumulating and biomagnifying throughout 
the food chain. Food is thus a primary source of mercury exposure to the general population, 
with fish being one the primary sources exposed to methyl mercury compounds, as in the event 
of Minamata Bay [3, 17]. Acute mercury exposure may give rise to lung damage. Chronic 
poisoning is characterized by neurological and psychological symptoms, such as tremors, 
changes in personality, restlessness, anxiety, sleep disturbance and depression. Metallic 
mercury has been reported to potentially cause kidney damage, but also eczema, as it is an 
allergen. Fortunately, the symptoms are reversible after cessation of exposure. However, it is 
still considered as one of the most toxic metals. The discharge criteria into drinking water for 
Hg (II) ions is of 1 μg/L, according to the Indian Standard Institution [17].  
Lead exposure occurs in mines, battery plants, smelters, lead paints, gas fuel emissions 
where tetraethyl lead remains a common additive to petrol, and lead pipe corrosion. Airborne 
lead emissions can be deposited in soil and water, thus reaching humans through the food chain 
[3]. Adults take up between 10 and 15% of their total lead intake in food, while children may 
absorb up to 50% via the gastrointestinal tract. Half-life of lead in blood is about 1 month, but 
it is of between 20 and 30 years in the skeleton. The symptoms of acute lead poisoning include 
headache, irritability, abdominal pain and various symptoms related to the nervous system, and 







or even diminished intellectual capacities resulting from low-level long term lead exposure [3]. 
Adults with long term lead exposure also may suffer from memory deterioration, prolonged 
reaction time and reduced ability to understand [18]. 
Cadmium is naturally present in extracted metal ores along with copper and zinc. 
According to the U.S. Environmental Protection Agency, it is a potential human carcinogen 
element [11]. Cadmium is commonly used as a stabilizer in PVC products, colour pigment, 
fertilizer, anti-corrosion agent with the cadmiation process, and has been more recently 
developed in rechargeable Cd-Ni batteries [3]. The non-recycling of cadmium-containing 
products can lead to the contamination of soils and waters, further increased by the industrial 
cadmium emission including mining industry or agriculture with the application of fertilizer 
and sewage sludge to farm land [3]. Cadmium exposure is most likely to happen via food chain, 
from contaminated fish or increased cadmium uptake by crops and vegetables directly grown 
for human consumption. Kidney damages may result from an excessive cadmium exposure 
[19]. 
Arsenic is a metalloid usually classified as a heavy metal. It is commonly used in wood 
preservatives, pesticides, and in acid mine rock drainage (AMD), for the ore extraction process 
(smelting of non-ferrous metals). Water concentrations are usually below 10 μg/L and levels in 
soils range from 1 mg/kg to 40 mg/kg [3]. Exposure to arsenic occurs mainly via intake of food 
and drinking water. The World Health Organisation (WHO) evaluation reported that arsenic 
exposure via drinking water is causally related to cancer in the lungs, kidney, bladder and skin, 
the last of which is preceded by directly observable precancerous lesions, associated with 
exposure levels of 100 μg/L and from 50 μg/L for precancerous lesions in the case of skin 
cancer [20]. It also reported that the arsenic pollution in groundwater now affected nearly 140 







Copper takes part into animal metabolism, yet an accumulation of free copper in tissues 
can lead to serious gastrointestinal troubles such as vomiting, cramps or convulsions [21]. Heart 
and liver are also concerned as it has been demonstrated that an acute ingestion of more than 1 
g of copper sulphide entailed hepatic necrosis with jaundice and tachycardia [21]. However, 
required contamination dose to observe an impact on human health are significantly above other 
metal ions such as lead or mercury. 
Chromium (III) and chromium (VI) ions coexist in water streams, however chromium 
hexavalent ions have been recognised potentially more harmful than the trivalent ions [11]. The 
main reason is the formation of acute toxic chromate and dichromate ions with the chromium 
(VI) [22]. An intoxication with chromium can cause severe health trouble from skin irritation 
to lung carcinoma [23].  
Zinc is an essential trace element for all organisms [24]. It is a component of a large 
number of enzymes and proteins, meaning that a sufficient amount of zinc is required for protein 
metabolism or cell growth [24]. However, an accumulation of free zinc in tissues will cause 
health troubles such as brain trauma caused by zinc-induced brain cell death [24]. It has also 
been demonstrated that an excess zinc leads to stomach cramps, nausea and skin irritations [25].  
Nickel is classified as a human carcinogen element [11]. Beyond the permissible levels, 
the presence of nickel (II) ions in drinking water can lead to acute or chronic disorders involving 
lungs or kidneys with pulmonary fibrosis or renal oedema, along with gastrointestinal distress 
[26].  
Gold has been extensively used in the treatment of arthritis with the so-called 
chrysotherapy by injection of gold salts [27]. No dangerous effect is expected from a low-level 
exposure to gold in food or drinking water. However, a long-term exposure can lead to an 







Silver compounds can be slowly absorbed by living tissues, with a side effect of a black 
pigmentation of the skin. The exposure to silver in drinking water can lead to stomach 
discomfort and gastrointestinal disorders. A long term exposure to silver can also lead to an 
irritation of the skin as well as kidney, lung, liver and brain damage [28]. 
In developed and developing countries, the release of heavy metals in the environment 
is subjected to governmental regulations to preserve nature, humans and wildlife. Discharge 
criteria imposed to industries and water treatment plants in Australia are presented in  
Table 2.1. Those emission limits depend on the applied legislation, therefore are not 
universal, and can significantly change between countries. Industries are constantly looking for 
heavy metal ion removal and recovery techniques for their metal contaminated wastewaters to 
efficiently meet their discharge criteria at a low cost, while making benefits with the reuse of 
the recovered heavy metal. The methods of capture of heavy metal ions are reviewed in the 
following section. 
 
Table 2.1. Acceptance criteria of heavy metals discharge for large metropolitan 
wastewaters treatment plants, according to the Australian Water Corporation. 
Metal 
Lower mass alarm 
limit (g/d) 
Concentration limit for daily mass load above the lower 
mass alarm limit (mg/L) 
Upper mass alarm 
limit (g/L) 
Arsenic 1 5 40 
Cadmium 1 5 15 
Chromium 30 10 1000 
Copper 30 5 120 
Lead 30 10 300 
Mercury 0.1 0.05 1 
Molybdenum 1 10 20 







Selenium 1 5 20 
Silver 2 5 10 
Zinc 50 10 500 
 
2.2.2.  Techniques for the capture and recovery of heavy metal ions  
 
This section reviews the different techniques developed for the capture or recovery of 
heavy metal ions from wastewaters. Reviewed methods include conventional techniques such 
as chemical precipitation or coagulation and flocculation, and more recently developed water 
treatment techniques such as ion exchange or membrane technology. Adsorption, a 
conventional but effective treatment method is also considered.  
2.2.2.1. Conventional water treatment methods 
2.2.2.1.1. Chemical precipitation 
Chemical precipitation is relatively effective and by far the most widely used process in 
industry because it is relatively simple and inexpensive to operate [29]. In precipitation 
processes, chemicals react with heavy metal ions to form insoluble precipitates. Then filtration 
or sedimentation can be used to separate the formed precipitates. The treated water is then 
decanted and appropriately discharged or reused. The conventional chemical precipitation 
processes include hydroxide precipitation and sulphide precipitation. An alternative to these 
conventional chemical precipitation technique is the heavy metal chelating precipitation 
method. 
Hydroxide precipitation is the most widely used chemical precipitation technique, 
because of its relative simplicity, low cost and ease of pH control [30]. The metal hydroxide 







sedimentation. For its low cost and ease of operation, lime is usually chosen as a base in 
hydroxide precipitation at the industrial scale [31]. For instance, copper (II) ions have been 
removed by sodium hydroxide [32]. The cupric-ammonia was reduced by aeration and the 
optimum pH for the maximum copper precipitation was around 12, and the concentration of 
copper was reduced from 30 mg/L to 0.01 mg/L [32]. To enhance lime precipitation, fly ash 
can be used as a seed material: the fly ash carbonation treatment increases the particle size of 
the precipitates, which facilitates its separation [33]. Addition of coagulants, such as iron salts 
or organic polymers, can further decrease the residual concentration in heavy metal [34]. 
However, the hydroxide precipitation processes have some limitations, such as the generation 
of large volumes of relatively low density sludge, which can imply dewatering and disposal 
problems [35]. Then some metal hydroxides are amphoteric, and the mixed metals create a 
problem since the ideal pH for one may not be adapted to the other and put it back to solution. 
Finally, the waters to be released should be free of any complexing agent that will inhibit the 
metal hydroxide precipitation [36].  
Sulphide precipitation has the advantage over hydroxide precipitation to have much 
lower precipitates solubilities and sulphide precipitates are not amphoteric. This means that 
sulphide precipitation can achieve a high degree of metal removal over a broad pH range 
compared with hydroxide precipitation [11]. Metal sulphide sludge also exhibits better 
thickening and dewatering characteristics [11]. For instance Cu (II) ions have been removed by 
using pyrite and synthetic iron sulphide [37]. The mechanism of the metal removal process was 
determined as chemical precipitation at low pH (under 3) due to hydrogen sulphide generation 
and adsorption at high pH (3-6) [37]. However, there also are some dangers with the sulphide 
precipitation technique. One is that heavy metal ions are often present under acid conditions 







should be used only in a neutral or basic medium. Then, metal sulphide precipitation tends to 
form colloidal precipitates that can cause difficulties in separation processes [11]. 
The use of chelating precipitants to remove heavy metals has been developed as an 
alternative to the conventional precipitation methods [38]. Trimercaptotriazine, 
potassium/sodium thiocarbonate and sodium dimethyldithiocarbamate are three widely used 
commercial heavy metal precipitants [38]. However, as they lack the necessary binding sites or 
pose too many environmental risks, research is ongoing to develop more effective and 
ecofriendly precipitants [39].  
Although the chemical precipitation technique is easy to implement, it also generates a 
large volume of sludge to be disposed of. The hydroxide precipitation technique is limited by 
the inhibitory effect of complexing agents on the metal precipitation reaction. Another 
limitation is the specificity of metal ions, as some metal ions are amphoteric. This limitation 
can be overcome by the use of sulphides, however the colloidal precipitates can create 
challenges for the metal recovery. Required level of contamination for the process to be cost-
effective is the major drawback of this method. In addition, the chemical precipitation process 
is significantly time consuming compared to recent treatment methods such as ion exchange. 
2.2.2.1.2. Coagulation and flocculation 
Coagulation and flocculation followed by sedimentation and filtration is another 
conventional technique used to remove heavy metal from wastewaters. 
The neutralization of the forces keeping apart colloidal particles by the use of a 
coagulant agent entails the destabilization of these particles and their coagulation. Widely used 
coagulants in the conventional wastewater treatment processes include aluminium, ferrous 
sulphate and ferric chloride, and effective removal of wastewater particulates and impurities is 







amorphous metal hydroxide precipitates [40]. Coagulation is a widely used method in 
wastewater treatment, but the main objects of coagulation are hydrophobic colloids and 
suspended particles. To remove soluble heavy metal and insoluble substances, the use of an 
amphoteric polyelectrolyte coagulant has been investigated: when the pH of the solution is low, 
the colloidal substances with negative charges can be coagulated by it, when the pH of the 
solution is high, the turbidity removal decreases and the removal of colloidal substances with 
positive charges increases [41]. 
Flocculation is the action of polymers named flocculants to form bridges between the 
flocs and bind the particles into large agglomerates or clumps. Once suspended particles are 
flocculated into larger particles, they can usually be removed or separated [42]. Today many 
kinds of flocculants, such as PAC, polyferric sulphate (PFS) and polyacrylamide (PAM), are 
used in the treatment of wastewater. However, it is nearly impracticable to efficiently remove 
heavy metal from wastewater directly by using these flocculants [42]. Therefore new kind of 
flocculants such as macromolecule heavy metal flocculant and flocculation by humic acid 
binding heavy metal have been investigated [43].  
However, coagulation or flocculation techniques are not the most efficient and need to 
be followed by other treatments to meet the environmental discharge criteria [41]. These 
techniques also generate large volumes of waste materials and recovery of the metal ions is 
rendered difficult due to the stability of the coagulates and flocs. 
2.2.2.1.3. Flotation 
Flotation has been used to separate heavy metals from a liquid phase using bubble 
attachment, originated in mineral processing. Dissolved air flotation, ion flotation and 
precipitation flotation are the main flotation processes for the removal of metal ions from 







suspended particles in the water, developing agglomerates with lower density than water, 
causing the flocs to rise through the water and accumulate at the surface where they can be 
removed as sludge [44]. The process of ion flotation is based on imparting the ionic metal 
species in wastewaters hydrophobic by use of surfactants followed by the subsequent removal 
of these hydrophobic species by air bubbles [45]. Precipitate flotation is based on the formation 
of precipitate and subsequent removal by attachment to air bubbles. Depending on the pH and 
concentration of the metal in solution, the precipitation may proceed via metal hydroxide 
formation or as a salt with a specific anion [46]. This technique offers a high selectivity towards 
metal ions and produces a highly concentrated metal sludge. However, it requires a high capital 
and maintenance cost. 
2.2.2.2. Novel water treatment processes 
2.2.2.2.1. Ion exchange 
Ion exchange processes have the advantage of high treatment capacity, high removal 
efficiency and fast kinetics [47]. Ion-exchange resins, either synthetic or natural, have the ability 
to exchange cations present within the ionic framework, such as sodium or calcium, with metal 
ions in the wastewater [48]. Synthetic resins are usually preferred as they are the most effective 
to remove the heavy metals from the solution [47]. The common cation exchangers are strongly 
acidic resins with sulfonic acid groups (-SO3H) and weakly acid resins with carboxylic acid 
groups (-COOH). Hydrogen ions in the sulfonic group or carboxylic group of the resin can 
serve as exchangeable ions with metal cations. As the wastewater passes through the cations 
column, metal ions are exchanged for the hydrogen ions on the resin with the following ion-
exchange process, Equations (2.1, 2.2): 
𝑛𝑅 − 𝑆𝑂3𝐻 + 𝑀
𝑛+  → (𝑅 − 𝑆𝑂3
−)𝑛𝑀
𝑛+ + 𝑛𝐻+   (2. 1) 
𝑛𝑅 − 𝐶𝑂𝑂𝐻 + 𝑀𝑛+  → (𝑅 − 𝐶𝑂𝑂−)𝑛𝑀







The uptake of heavy metal ions by ion-exchange resins is rather affected by certain 
variables such as pH, temperature, initial metal concentration and contact time [49]. Ionic 
charge also plays an important role in ion-exchange process [49]. 
Although highly efficient with the production of highly concentrated metal sludge 
compared to chemical precipitation method, this technique is limited by the challenge of 
recovering metal ions that are complexed in the resins. The resin regeneration then generates a 
secondary pollution which could lead to poisoning of the effluent, making this technique less 
cost efficient for the treatment of contaminated waters with low concentrations in heavy metal 
ions. 
2.2.2.2.2. Membrane filtration 
Different types of separation membranes showed great potential for heavy metal 
concentration with their high efficiency, easy operation and space saving. The membrane 
processes used to remove metals from the wastewater include ultrafiltration, reverse osmosis, 
nano-filtration and electro-dialysis. 
Ultrafiltration (UF) is a membrane technique working at low transmembrane pressures 
for the removal of dissolved and colloidal materials [11]. Since the pore sizes of UF membranes 
are larger than dissolved metal ions under the form of hydrated ions or low molecular weight 
complexes, they would pass easily through UF membranes. However, high removal efficiency 
of metal ions is obtained with the micellar enhanced ultrafiltration (MEUF) or polymer 
enhanced ultrafiltration (PEUF) [11]. The MEUF separation technique is based on the addition 
of surfactants to the wastewater [50]. When the concentration of surfactants in aqueous 
solutions is beyond the critical micelle concentration (CMC), the surfactant molecules 
aggregate in micelles that can bind metal ions to form large metal-surfactant structures. The 







micelle sizes [50]. To obtain the highest retentions, surfactants of electric charge opposite to 
that of the ions to be removed have to be used, and sodium dodecyl sulphate (SDS), an anionic 
surfactant, is commonly used [50]. The process efficiency depends on the characteristics and 
concentration of metals and surfactants, solution pH, and ionic strength. PEUF uses water-
soluble polymers to complex metallic ions and form a macromolecular, having a higher 
molecular weight than the molecular weight cut off of the membrane [51]. The macromolecule 
is thus retained when pumped through the UF membrane. After that, the retentate can be treated 
in order to recover metallic ions and to reuse the polymer [52]. The main parameters affecting 
PEUF are metal and polymer type, the ratio of metal to polymer, pH and existence of other 
metal in solution [52]. 
Nano-filtration (NF) is the intermediate process between UF and RO. NF technique has 
the advantages of ease of operation, high reliability and comparatively low energy consumption 
with a high heavy metal removal efficiency [53]. It has been combined with RO for enhanced 
performance in treating the toxic metal effluent from the metallurgical industry. The nano-
filtration membranes can be highly efficient with over 99% retention rates, however, its 
efficiency will be affected by the solution pH (as it affects the membrane surface charge), 
temperature and feed solution metal concentration [54]. 
Reverse osmosis is a technique that becomes more popular for water treatment in 
chemical and environmental engineering [55]. This technique uses a semi-permeable 
membrane, allowing the fluid that is being purified to pass through it, while rejecting the 
contaminants. RO is one of the techniques able to remove a wide range of dissolved species 
from water with a very high efficiency [56]. However, one major limitation of this technique is 








Electro-dialysis is a membrane process for the separation of ions across charged 
membranes from one solution to another by applying an electric field [58]. In most electro-
dialysis processes, two types of ion exchange membranes, either cation-exchange or anion-
exchange membranes are used. A few systems comprising of a built electro-dialysis plant with 
a set of ion exchange membranes have been developed for high efficiency in metal ion 
decontamination [59]. As for the ion exchange beads previously discussed, the usage of ion 
exchange membranes for heavy metal ions removal may lead to a challenging metal recovery 
with the forming of metal complex with the membranes and a costly and poisonous regeneration 
of the membranes.  
Reverse osmosis processes compared to nano- or ultra-filtration are more energy 
demanding as they require higher trans-membrane pressures, yet they showed to be highly 
efficient for the removal of metal ions. The limitation of ultra-filtration processes is linked to 
the membrane modification with polymer or micelles, whose efficiency for the removal of 
heavy metal ions will vary as a function of the specific affinity towards the metal ions. Nano-
filtration can yield better efficiency in the removal of heavy metals than ultra-filtration 
membranes, generating a highly metal concentrated sludge, yet at a higher operational cost 
together with membrane fouling issues.  
2.2.2.2.3. Electrochemical treatment 
Electrochemical methods involve the plating-out of metal ions on a cathode surface and 
can recover metals in the elemental metal state. These methods include electrocoagulation, 
electro-flotation, and electrodeposition. 
Electrocoagulation (EC) involves the generation of coagulants in situ by dissolving 
electrically either aluminium, or iron electrodes [60].The metal ion generation takes place at 







the flocculated particles out of the water [60]. Electro-flotation (EF) is a solid/liquid separation 
process that floats pollutants to the surface of a water body by tiny bubbles of hydrogen and 
oxygen gases generated from water electrolysis [61]. Compared to the above electrochemical 
methods, electrodeposition is a clean technology with no presence of the permanent residues 
for the separation of heavy metals and which allows for near complete recovery of the reduced 
metal ions [62]. However, the application of this technology in water treatment plants is limited 
due to its high energy demand. 
2.2.2.2.4. Adsorption 
Adsorption is a surface phenomenon. In a solution, when the solute to be adsorbed 
comes in contact with the adsorbent material, liquid-solid intermolecular forces of attraction 
will entail the concentration or deposition of some of the solute onto the adsorbent surface, 
which is solid and highly porous [63]. This process is called adsorption, while the retained 
solute is called adsorbate.  
In the bulk of the adsorbent material, all the bonding requirements of an atom are 
fulfilled with other atoms from the bulk. However, on the adsorbent surface, atoms are not fully 
surrounded by other atoms from the adsorbent material, and can therefore attract other atoms 
and form ionic, covalent or metallic bonds with the adsorbate. The nature of the bond formed 
or adsorption mechanism falls into three categories: physisorption, chemisorption and 
electrostatic interaction [63]. Physisorption is characteristic of weak van der Waals forces, 
while chemisorption indicates the formation of covalent bonds. 
The adsorption capacity at equilibrium 𝑞𝑒 characterizes the performance of an 













where V is the solution volume, W the adsorbent weight, and 𝐶0 and 𝐶𝑒 the initial and 
equilibrium concentration of the adsorbate. 
 
 
The adsorption isotherm models  
The study of the adsorption isotherm helps to determine how the adsorbate molecules 
are distributed at reaction equilibrium, hence giving information on the mechanisms at stake. 
An adsorption isotherm represents the graphic trend determined by equilibrium adsorption 
capacity as a function of the equilibrium solute concentration in the solution, for a fixed 
temperature. The fitting of an adsorption isotherm to pre-defined models corresponding to 
known distribution of adsorbate molecules, helps the understanding of the happening 
adsorption reaction. Two isotherm models are predominantly reported in the literature, namely 
the Langmuir model and the Freundlich model, which are presented below. 
The model of Langmuir 
The Langmuir model of adsorption was developed in the case of gas adsorption and 
relies on five assumptions: 
- There is a fixed number of adsorption sites available on the solid adsorbent surface. 
- All adsorption sites are of equal size and shape. 
- Each adsorption site can hold maximum one adsorbate molecule and the quantity of 







- There is a dynamic equilibrium between the adsorbed and the free solute molecules 
(adsorption/desorption). 
- Most importantly, the distribution of adsorbate molecules on the surface of the 
adsorbent is homogeneous and form a monolayer. 












) , (2.4) 
where 𝑞𝑚𝑜𝑛𝑜 is the amount of solute adsorbed when saturation is reached and 𝐾𝐿 is the 
Langmuir’s constant. Those two parameters can be experimentally determined from a plot of 
1 𝑞𝑒⁄  vs 1 𝐶𝑒⁄  . 
The model of Freundlich 
In the Freundlich model, the energy distribution for the adsorptive sites follows an 
exponential-based function. This means that the rate of adsorption-desorption varies as a 
function of the adsorptive site energy, hence is the distribution of adsorbate molecules on the 
adsorbent surface heterogeneous, as opposed to the monolayer distribution from the Langmuir 
model. 
The Freundlich model equation can be expressed by Equation (2.5) [64]: 
ln(𝑞𝑒) = ln(𝐾𝐹) + 
1
𝑛
× ln(𝐶𝑒) , (2.5) 
where 𝐾𝐹 is the Freundlich’s constant, indicating the sorption capacity, and 1 𝑛⁄  
indicates the sorption intensity. Both parameters can be determined from a plot of log 𝑞𝑒 versus 
log 𝐶𝑒. The magnitude of the term 1 𝑛⁄  can also give an indication of the affinity of the 







The adsorption kinetic models  
The study of adsorption kinetic models helps to determine the rate-limiting step of the 
adsorption reaction, hence giving information about the predominant adsorption mechanism. 
Adsorption kinetics represent the adsorption capacity or reaction rate as a function of the 
reaction time. There are three kinetic models predominantly reported in the literature and 
presented below, namely the pseudo-first order model, the pseudo-second order model, and the 
intra-particle diffusion model. 
 
The pseudo-first order model 
The pseudo-first order model assumes that the adsorption rate is bound to the number 
of free adsorptive sites and that only one solute molecule can be adsorbed per site. This kinetic 
model is a particular case of higher order models, in which the concentration of one of the two 
reactants is much lower than the other, hence becoming negligible. The Langergren equation is 
predominantly used to describe pseudo-first order kinetic behaviour, and is expressed by 
Equation (26) [64]: 
log(𝑞𝑒 − 𝑞𝑡) = log(𝑞𝑒) − (
𝑘1
2.303
) × 𝑡, (2.6) 
where 𝑞𝑡 is the adsorption capacity at the time 𝑡, and 𝑘1 is the rate constant. The plot of 
log(𝑞𝑒 − 𝑞𝑡) versus t enables the determination of 𝑘1 . A high correlation coefficient to a 
pseudo-first order equation indicates the adsorption reaction is more inclined to physi-sorption. 
The pseudo-second order model 
The pseudo-second order model assumes that one solute molecule is adsorbed onto two 







This model assumes the adsorption isotherm follows the Langmuir model, meaning a 
homogeneous monolayer adsorption process. It also assumes that the reaction rate is limited by 
the valent forces or covalent bonding through sharing of electrons between adsorbent and 









× 𝑡, (2.7) 
where 𝑘2 is the rate constant, and can be determined from the plot 𝑡 𝑞𝑡⁄  versus 𝑡. A high 
correlation coefficient to a pseudo-first order equation indicates the adsorption reaction is more 
inclined to chemisorption. 
 
The intra-particle diffusion model  
The intra-particle diffusion model enables the study of the solute transport onto the 
interior surface of the adsorbent pores as the reaction rate-controlling step. The following 
Equation (2.8) is used to determine the intra-particle diffusion rate constant 𝑘𝑝 [64]: 
𝑞𝑡 = 𝑘𝑝𝑡
1 2⁄ , (2.8) 
 
A high correlation coefficient to an intra-particle diffusion equation indicates the 
adsorption reaction is limited by the solute molecules diffusion into the adsorbent material 
through the pore channels. Hence the limitation can be the saturation of all available adsorptive 








2.2.2.3. Comparison of treatment methods for heavy metal water 
decontamination 
 
Several technologies have been developed to palliate the global and growing threat of 
water contamination by heavy metals, as well as to recover the precious resource. Natural 
groundwater contamination usually occurs from nickel, lead, cadmium and zinc cations, which 
can be cost-efficiently removed and recovered using selective ion exchange resins; The resins 
can be cost-efficiently regenerated via acid and caustic soda treatment, if the initial ion 
concentration is higher than ppb level, such as in ore mining effluents. Meanwhile, the removal 
of iron and manganese species from groundwater can be achieved by aeration and sand filtration 
depending on the water pH. Adsorption of manganese on manganese oxide adsorbents, as well 
as a wide range of metal cations of different valence on ferric hydroxide adsorbents has shown 
to be an efficient method and is commercialized for the recovery of heavy metals. Different 
techniques developed for the removal of heavy metal ions were compared in Table 2.2. In the 
search for a sustainable and eco-friendly treatment solution, waste minimization and operation 
cost are here considered as major criteria. The adsorption technique combines waste 
minimization with a lower implementation and operation cost, as well as offering flexibility in 
design and operation and in many cases producing high-quality treated effluent, for different 
levels of metal contamination [11]. One main advantage is that because adsorption is sometimes 
reversible, adsorbents may be regenerated and adsorbate recovered [65]. However, there is a 
need for an adequate adsorbent solution to combine competitive efficiency, recyclability and 
low fabrication and regeneration cost. 



























































































Today, granular activated carbon, ferric hydroxide and to a lesser extent clays, are 
commercially available heavy metal ion adsorbents. To tackle the material cost and required 
dose, alternatives have been sought after for the past decades. Nanomaterials drew particular 
attention due to their high contact surface area, hence lowering required dose, and material cost. 
Biosorption using biowaste has also been considered as an alternative for the removal of metal 
ions. Particularly, selected biosorbents were demonstrated to possess high selectivity and 
adsorption capacity towards several metal ions, yet research work is still ongoing as the 
recovery of the precious metals and the separation of biosorbents remains challenging [66]. 
Nanomaterials inspired from activated carbon such as carbon nanotubes have been extensively 
studied, yet their potential release in water causes environmental concern and the solution of 
immobilization of carbon nanotubes in a matrix such as calcium alginate may reduce their 
adsorption performance [11]. Another support, electrically conductive to allow the metal ion 
desorption, chemically inert to stand extreme pH values, and with affinity towards metal ions 
would lead to greatly enhanced performance. Such support could be metal-based. Indeed, metal 







heavy metal ions as they combine high adsorption capacities and selectivity, with fast kinetics 
and simultaneous catalytic activity [67]. However, their leaching into the environment is still 
an issue, and the agglomeration in water induced by surface interactions such as Van der Waals 
between the particles oxide layers prevents their application in any flow-through system. Yet, 
to exploit the metal nano-structure reactivity and potential for adsorption, their scaffolding into 
a nanofiber shape, sufficiently stable in water and showing a reactive metal oxide surface is 
worth investigation.  
The following section reviews the potential of nanofiber materials in adsorption of 
organic and inorganic contaminants, as nanofiber webs offer a promising alternative for 




2.3. Potential of nanofiber-based materials for adsorption 
 
This section is dedicated to the performance of nanofiber materials in adsorption that 
has been reported in the literature. Categorized by nature of contaminant, the first two sections 
discuss the adsorption of organic molecules, respectively dyes (polar) and selected persistent 
organic pollutants (POP) and pesticides (non-polar or slightly polar). Finally, the last section is 
dedicated to selected heavy metal ions.  








The investigation of the employment of nanofibers for adsorption of selected organic 
dyes has previously been reported [68]. Specific surface area and adsorbent pore size were 
found to significantly influence the adsorption capacity, with overall an increase in the 
adsorption performance with increasing adsorbent specific surface area, and a pre-determined 
pore size range found to favour the dye diffusion. Nanofibers also demonstrated to possess 
faster kinetics compared to macro-adsorbents, reaching reaction equilibrium on average in less 
than 5 hours. Furthermore, nanofibers have showed high yields of dye removal for range of 
initial dye concentrations between 1 and 500 mg/L, for a lower adsorbent dose on average below 
1g/L, compared to macro-adsorbents, including commercial activated carbons. On another note, 
the chemical affinity considerations for fabric dyeing were found to be transposable to dye 
adsorption by nanofibers. Adsorption by electron interaction between dye and nanofibers 
showed to combine the highest adsorption capacities with the fastest kinetics for all classes of 
dyes here investigated. This suggests that carbon and aromatic nanofibers are a promising 
material solution for dye adsorption through π-π stacking of electrons. However, preliminary 
investigations on the recycling of adsorbent might suggest that this category of adsorbent has a 
poorer adsorbent regeneration – adsorption capacity hysteresis than other nanofibers. 
Nanofibers for the adsorption of organic dyes have only been recently investigated, as 
the oldest nanofiber dye adsorptive study here reported is from 2011. Several research gaps 
have been encountered during this investigation. Firstly, more extensive nanofiber adsorptive 
studies would benefit the dye removal research in particular in the case of Crystal Violet (CV), 
Rhodamine B (RhB) and Reactive Black 5 (RB5) dyes considered in this work. Disperse, metal-
complex and sulphur dyes, which could not be investigated, represent a loss in effluents after 
fixation of up to 10% of the total dyeing volume for disperse and metal-complex, and of up to 







adsorbents physical properties such as specific surface area, pore size or iso-electric point were 
not found to be consistently reported, hence limiting the mechanistic study of dye adsorption. 
Thirdly, adsorption tests, for more than 80% of the studies here reported, were carried out for 
an initial dye concentration within the range of UV-Vis absorbance detector, and therefore 
scarcely reported for dye concentrations below 1 mg/L and over 500 mg/L. Furthermore, 
adsorptive studies on real effluent conditions such as industrial textile effluents or dye mixtures 
would enable the investigation of dye adsorption selectivity and co-ions competition, as well as 
pH and temperature impact on the adsorption in the presence of salts and temperature-reactive 
fixating agents. Finally, investigation of the adsorbent regeneration hysteresis would enable the 
design of a recyclable adsorbent for the re-use of dyes, hence giving an estimation of the 
adsorbent material lifespan, and opening a new field of potential applications. 
The findings of this investigation about nanofiber materials for dye adsorption may be 
considered in the adsorption of other polar organic molecules. This could facilitate the research 
on toxic molecules adsorption in a concentration range coherent with dyes adsorption studies. 
The faster kinetics, lower adsorbent dose, and similar adsorption capacities compared to 
commercial material solutions make of nanofibers promising candidates for sensing, vat 
cleaning, and continuous flow adsorption applications.  
2.3.2.  Adsorption of non-polar organics: case of pesticides 
 
The investigation of the employment of nanofibers for adsorption of selected pollutants 
has been previously been reported [69]. Selected pollutants were divided in three categories, 
the first regrouping low octanol-water partition coefficient (Log Kow) hydrophilic pesticides 
Alachlor, Atrazine, Diazinon and Chlorpyrifos. The second category gathered phenol with 2- 







pollutants, with Persistent Organic Pollutant POP Aldrin, Dieldrin, Endrin, Chlordane, 
Heptachlor and Heptachlor Epoxide, Toxaphene, selected PolyChloro Biphenyls PCBs and 
non-POP Phenantrene. 
Nanofiber-based materials showed their fast adsorption kinetics and required low 
adsorbent dose compared to benchmark adsorbents in this investigation. For instance, 
polyacrylonitrile nanofibers showed to attain equilibrium after 0.5 h in the adsorption of 
Atrazine, for an adsorbent dose of 1 g/L [70]. Adsorption kinetics and material dosage are to be 
considered when evaluating adsorbent life cycle and operation cost. Regarding the adsorption 
performance, engineered nanofibers showed to yield over 95% removal efficiency with high 
adsorption capacities comparable to granular activated carbon and acid-treated biomass. For 
example, activated carbon nanofibers against Phenol showed a capacity of 256.1 mg/g, and 
cross-linked cellulose acetate-polybenzoxazine nanofibers demonstrated against Phenantrene 
98.5% removal [71, 72]. Such nanofiber web presented adequate structural and chemical 
surface characteristics for the adsorption of organic contaminant. 
Essential structural characteristics for a nanofiber adsorbent were found to be surface 
pores and density of functional sites. Indeed, size of pores across the fiber surface was shown 
to have a major impact on the saturation of the adsorbent, with pore channels engineered taking 
into account the size or cross-section of the contaminant showing higher performance. 
Activated carbon nanofibers for phenol adsorption present a dual pore repartition of 0.4 nm and 
0.8 nm, adapted to phenol molecule size, of a smallest cross-section of 0.43 nm [71]. Molecular 
orientation of the contaminant is also to be considered to prevent size-exclusion effects when 
one molecule is already adsorbed along a pore wall, as highlighted with the performance 
comparison of Dieldrin and stereoisomer Endrin adsorption [73]. Adsorbent contact surface 







with diameters below 150 nm yielding higher performance in the capture of Atrazine [74]. 
Higher surface specific areas showed to lead in general to higher adsorption capacities, provided 
the contaminant diffusion along the surface pore channels. Activated carbon nanofibers 
demonstrated a high BET of 2,921 m2/g [71]. 
Regarding adsorbent surface chemistry, a total hydrophobic surface is preferable to 
show affinity for adsorption, as in the case of surface grafting of hydrophobic groups, 
adsorption may be impeded along the pore walls [75]. Compared to hydrophobic interactions, 
electrostatic interactions and foremost electron interactions showed to be more efficient 
adsorption mechanisms [70, 72]. To this end, adsorbent isoelectric point should be 
systematically determined to improve the contribution of electrostatic interactions in the 
contaminant capture. Electron interaction in this study happens via π-π stacking of electrons 
between adsorbate and adsorbent unsaturated bonds, justifying the high efficiency of carbon 
based adsorbents [71]. Other than pore and surface area characteristics, carbon adsorbent 
crystallinity and carbon content are features of interests that could be investigated in order to 
improve adsorption by electron interaction. The tuning of the carbon adsorbent surface 
chemistry to shift its isoelectric point could also be investigated to improve the contaminant 
adsorption by electrostatic interaction contribution. Other structures such as cellulose acetate 
crosslinked with polybenzoxazine lead to a highly hydrophobic surface presenting unsaturated 
bonds, resulting in a high performance in the capture of Phenantrene [72]. Material 
functionalisation to reach a surface chemistry allowing the 3 adsorption mechanisms defined 
above could be the focus of future research in order to yield a complete contaminant removal. 
Testing conditions in terms of initial contaminant concentration were found to vary 
between 0.5 µg/L and 700 mg/L in this study [76, 77]. Initial level of contamination should be 







in function of the available solution characterisation technique, as adsorbent performance may 
be affected by a significant change in contaminant concentration. Isotherm analysis was found 
to be in over 80% of the reported isotherm studies fitted to Langmuir and Freundlich models, 
with in more than 40% of cases a report of the Freundlich constant with a correlation coefficient 
below 0.90 for performance comparison with other adsorbents. Adsorption isotherms reflecting 
the adsorption mechanisms at stake should be more carefully studied, to avoid inconsistent 
performance comparisons. 
So far, engineered nanofibers showed among the highest performance in the one-off 
removal of pesticides and disinfectants. However, these adsorbents also show versatility in the 
capture of contaminants. Ways to create selectivity for a target molecule, such as fiber layers 
of different pore channels and surface chemistry, could be further investigated. In order to help 
the industrial application of the adsorbent material solutions and to develop a sustainable 
industry, adsorbent recyclability must be further investigated. As the most performant materials 
in the removal of POP may not offer the most long-lasting recyclability, it is critical to 




2.3.3.  Adsorption of heavy metal ions 
 
Industrial effluents of preserved wood and spent battery leachates have been considered 
for adsorption by nanofibers in this Thesis. This section investigates the relationships between 







removal performance. The metal ions considered in this study are Arsenic (III) and (V), 
Chromium (VI), Copper (II), Cadmium (II), Nickel (II), Manganese (II) and Zinc (II), and their 
physical characteristics such as ionic and atomic radius, mass and electrode potential are 
described in Table 2.3. For each ion, a literature survey reporting nanofiber and benchmark 
adsorbent performance in regard of test conditions and adsorbent physical properties was 
conducted, which is presented in Table 2.4-2.11. In this section, the influence of adsorbent 
specific surface area, pore volume and pore size on the adsorbent performance will first be 
discussed. Then, the impact of adsorption conditions such as reaction pH, ionic strength, co-ion 
competition, temperature as well as the ratio of initial ion concentration in regard to the 
adsorbent dose will be reviewed. Finally, routes to regenerate and recycle the nanofiber 
adsorbent, in regard to the type of adsorption performed, will be presented. 
2.3.3.1. Characteristics of adsorbate ions 
 
Characteristics of the heavy metal ions considered in this study were gathered and 
presented in Table 2.3, showing mass, atomic and ionic radii, electrode potential and 
electronegativity [78, 79]. While ionic radii and atomic mass could be useful indicators in the 
studies of ionic bonding or ion diffusion, the electrode potential is used to determine the 
feasibility of oxido-reduction reactions at the adsorbent surface. The potentials here shown are 
for ion reduction to zero valent state, with exception of Cr (VI) and As (V), where the reduction 
to a trivalent state is shown. The reduction of Cr (III) to Cr has a potential of -0.74 V. 
 
Table 2.3. Presentation of the characteristics of selected ions [78, 79] 







Max. ionic radius (Å) 0.58 0.46 0.44 0.70 1.31 0.69 0.90 0.96 
Atomic radius (Å) 1.14 1.14 1.40 1.35 1.55 1.35 1.35 1.40 
Electrode potential (V) 0.24 0.56 1.33 0.34 -0.40 -0.23 -0.76 -1.18 
Electronegativity (Pauling) 2.18 2.18 1.66 1.90 1.69 1.91 1.65 1.55 
Relative atomic mass 74.922 74.922 51.996 63.546 112.414 58.693 65.380 54.938 
 
2.3.3.2. Influence of adsorbent specific surface area 
 
The specific surface area of an adsorbent is often used to describe its potential ability to 
perform in adsorption. Here, Figure 2.1 presents the relationship between adsorbent specific 
surface area and adsorption performance as a function of the adsorbent material structure and 
composition, in the removal of As (V) and Cd (II), respectively. Nanofiber adsorbents were 
benchmarked with other nanostructures, such as nanotubes and nanoparticles, as well as with 
bulk particulate materials. Adsorbent composition was categorized into organic matters, 









Figure 2.1.  (A, B) Relationship between the adsorbent specific surface area and As (V) 
adsorption capacity for different adsorbent structures and compositions, respectively 
(data from Table 2.4). (C, D) Relationship between the adsorbent specific surface area 
and Cd (II) adsorption capacity for different adsorbent structures and compositions, 
respectively (data from Table 2.5). 
The adsorption capacities of nanofiber adsorbents were found to outperform other bulk 
structures for a similar specific surface area, and to perform only slightly better when compared 
to other adsorptive nanostructures, as reflected in Figure 2.1 (A, C). For instance, α-MnO2 
nanofibers with a BET value of 144 m2/g showed an As (V) adsorption capacity of 60.19 mg/g 
(Table 2.4-5) [80]. With a similar initial ion concentration/adsorbent dose ratio, goethite-
decorated graphene-carbon nanotubes aerogels with a BET of 150.1 m2/g demonstrated a 







m2/g showed a capacity of 3.1 mg/g (Table 2.4-17, 21) [81]. In the removal of Mn (II), 
phosphine-functionalized poly(vinyl alcohol)-silica nanofibers with a BET of 805.5 m2/g 
showed an adsorption capacity of 234.7 mg/g, while in a similar initial ion 
concentration/adsorbent dose ratio, activated carbon with a BET of 914.2 m2/g reached an 
adsorption capacity of 172 mg/g (Table 2.6-3, 7) [82, 83].  
No particular adsorbent composition could be linked to an outstanding ion removal 
performance for one type of adsorptive material structure, as shown in Figure 2.1 (B, D). For 
instance, in the removal of As (V), while a higher BET value suggests a higher density of 
functional sites across the adsorbent surface and pore channels, the iron oxide/polydopamine 
membrane with a BET of 31.9 m²/g achieved a capacity of 325 mg/g which is better than the 
iron oxide/graphene oxide nanocomposite with a BET of 341 m²/g that achieved a capacity of 
only 5.9 mg/g (Table 2.4-9, 15) [84, 85]. However, a general linear trend of increasing 
adsorption capacity with increasing adsorbent BET value can be observed in the study of As 
(V) adsorption for metal/metal oxide adsorbent compositions. Likewise, an exponential trend 
of increasing adsorption capacity for increasing adsorbent BET value can be observed for Cd 
(II) adsorption with organic adsorbent compositions. This adsorbent composition dependency 
of the observed relationship between adsorbent specific surface area and adsorption 
performance strongly suggests the implication of different adsorption mechanisms or the 
presence of concomitant mechanisms. Indeed, in the case of oxyanions species such as As or 
Cr, the adsorbent redox behaviour such as for metal/metal oxide adsorbents will come into play 
in the adsorption system [86, 87].  
The relationship between nanofiber adsorbent specific surface area and performance 







chemistry of the heavy metal ion adsorbate, making the adsorbent BET value a rather weak 
potential indicator of performance.  
 
2.3.3.3. Influence of adsorbent pore size and volume 
 
The relationship between the adsorbent total pore volume and average pore size and the 
performance in the uptake of As (V) and Cd (II) is respectively presented in Figure 2.2. 
 
Figure 2.2. (A) Relationship between the adsorption capacity of As (V), Cd (II) and the 
adsorbent pore volume. (B) Relationship between the adsorption capacity of As (V), Cd 
(II) and the adsorbent pore size (data from Table 2.4, Table 2.5). 
 
Concerning the relationship between adsorbent pore volume and adsorption capacity 
illustrated in Figure 2.2 (A), a global trend of increase in Cd (II) uptake with increasing 
adsorbent pore volume can be observed until 0.6 cm3/g, with the highest performance recorded 
for adsorbents with a total pore volume falling in the 0.3-0.6 cm3/g window. In the case of As 
(V) adsorption, no trend could be found, however the pore volume window where the highest 







with a pore volume of 0.3 cm3/g, iron oxide-graphene oxide nanocomposites showed an As (V) 
uptake of 113 mg/g (Table 2.4- 15) [84]. While in the removal of Cd (II), mesoporous silica 
with TPDP ligand and PVA-TEOS-APTES nanofibers both exhibiting a pore volume of 0.5 
cm3/g were reported to reach a capacity of 148 mg/g and 143 mg/g, respectively (Table 2.5- 6, 
14) [88, 89]. In the adsorption of Cu (II), poly(indole) nanofibers with a pore volume of 0.25 
cm3/g showed a capacity of 121.95 mg/g, for conditions of initial Cu (II) concentration of 100 
mg/L and a nanofiber dose of 0.5 g/L (Table 2.7- 1) [90]. Also, in the capture of Ni (II), an 
adsorption capacity of 227.2 mg/g was reached for an initial Ni (II) concentration of 600 mg/L 
and adsorbent dose of 1 g/L by iron oxide nanoparticles, with a pore volume of 0.21 cm3/g 
(Table 2.8- 1) [91]. 
Regarding the potential influence of adsorbent pore size on its adsorption capacity 
illustrated in Figure 2.2 (B), a wavy trend of decrease in the adsorption performance until 
plateau can be observed for both ions, and followed by another slight increase in the adsorption 
performance in the case of As (V). Furthermore, a window of adsorbent pore size where the 
highest adsorbent performance was reported can be defined approximately between 5 and 8 nm 
for Cd (II) adsorption, and two windows ranging from 5 to 8 nm and from 20 to 27 nm in the 
case of As (V) adsorption. However, some off-trend points were observed, such as the 
previously cited iron oxide-polydopamine nanofibers, which showed an As (V) uptake of 325 
mg/g for a pore size of 11.6 nm (Table 2.4- 9) [85]. The mesoporous silica with TPDP ligand 
and the PVA-TEOS-APTES nanofibers, which had a pore size of 6.6 nm and 4.6 nm, 
respectively exhibited a high performance of 148 mg/g and 143 mg/g in the removal of Cd (II) 
(Table 2.5- 6, 14) [88, 89]. In the capture of Mn (II), the phosphine-functionalized PVA-silica 
nanofibers with a pore size of 6.8 nm showed a capacity of 234.7 mg/g, for an initial Mn (II) 







adsorption, goethite-decorated graphene-carbon nanotube (CNT) aerogel showed a pore size of 
8.3 nm and a capacity of 56.43 mg/g for an initial As (V) concentration of 25 mg/L and a dose 
of 0.25 g/L (Table 2.4- 17) [81]. Larger pore sizes of 20 and 28 nm were reported for α-MnO2 
nanofibers and iron oxide – graphene oxide nanocomposites, respectively, which showed a 
capacity of 60.19 and 113 mg/g, for an As (V) initial ion concentration of 270 and 350 mg/L 
and a dose of 0.5 and 0.8 g/L, respectively (Table 2.4- 1, 15) [84, 92]. 
The observed trends in adsorbent pore size and pore volume can be linked to the state 
of ion diffusion within the materials. Indeed, a decrease in pore size and an increase in pore 
volume would favour diffusion until a threshold is achieved, which usually translates the 
blocking of the pore channels from side-to-side adsorption on the channels walls, and by the 
demotion of contact with the walls for increasing pore volumes [69].  However, the relatively 
small atomic radii of metal ions, reported in Table 2.3, in comparison with molecules makes 
the occurrence of pore-blocking by the adsorbate unlikely and more likely due to an electric 
charge repulsion between adsorbate species, yet complexation in particular from oxyanion 
species might hinder the ion diffusion [69]. Other than the oxyanion form, the distribution of 
arsenic species and as such solution pH may also explain the digression of adsorbents from a 
discerned trend in the relationship between performance and pore characteristics, as the 
adsorbate will thus vary in size, mass and electric charge [93]. Finally, the highly performant 
adsorbents possessing a pore size above 10 nm are nano-structures, thus suggesting the 
possibility that the impact of adsorbent surface reactivity on its performance may overcome the 
influence of adsorbent pore size. 








Aquatic environmental conditions strongly influence the migration pattern and 
bioavailability of heavy metal ions, as well as impact on the surface properties of the adsorbent 
material [86]. Among environmental conditions, an emphasis was put on solution pH, as it 
defines both the surface charge at the adsorbent surface and the metal ion distribution, thus a 
key parameter in the yield of electrostatic attraction between adsorbent/adsorbate [86]. Figure 
2.3 showcases the relationship between adsorption pH and adsorbent performance in the uptake 
of As (V) and Cd (II), respectively.  
 
Figure 2.3.  (A) Relationship between the As (V) adsorption capacity and the adsorption 
pH for different adsorbent compositions (data from Table 2.4). (B) Relationship between 
the Cd (II) adsorption capacity and the adsorption pH for different adsorbent 
compositions (data from Table 2.5).  
 
Most adsorption experiments were reported in neutral pH conditions, which was shown 
to generally favour the adsorption performance. Specifically, in the capture of Cr (VI) and both 
As (V) and As (III), the highest capacities were reported for a 7.0 – 7.5 pH range, with 
exceptions for strongly acidic mediums in a 2.0 – 3.0 pH range. For instance, poly(aniline)-zero 







As (III) concentration of 1 mg/L and a nanofiber dose of 0.1 g/L (Table 2.9- 3) [97]. Also, 
aminated PAN-CNT/TiO2 nanofibers showed an As (III) capacity of 251 mg/g at pH 2 for an 
initial concentration of 100 mg/L and a dose of 0.5 g/L (Table 2.9- 5) [94]. Furthermore, in the 
adsorption of Cr (VI), poly(pyrrole) (Ppy)-poly(aniline) (PANI) nanofibers showed a capacity 
of 227 mg/g at pH 2 for an initial concentration of 100 mg/L and a dose of 1 g/L (Table 2.10- 
7) [98]. In the adsorption of Cu (II), Cd (II), Ni (II) and Mn (II), low acidic pH in the 5.0 – 6.5 
range were shown to lead to higher capacities. For instance, poly(ethylene oxide) (PEO)-
chitosan nanofibers showed a Ni (II) adsorption capacity of 175.1 mg/g at pH 5 for an initial 
concentration of 100 mg/L and a dose of 0.5 g/L (Table 2.8- 8) [99]. In the case of Zn (II) 
adsorption, GO nanosheets on PANI nanofibers showed a capacity of 288 mg/g at pH 7 for an 
initial concentration of 25 mg/L and a dose of 2.5 g/L (Table 2.11- 7) [100]. Thus the optimal 
adsorption pH is compatible with applications in contaminated aquatic environments [86].  
The observed performance improvement at neutral pH can be ascribed to favourable 
conditions for strong surface coordination, electrostatic attraction and co-precipitation [86]. In 
general, ion uptake via chemisorption was observed to be maximized for a pH close to the 
adsorbent surface zero point of charge (pHZPC), in an electrostatically attractive disposition with 
the ion surface charge [86]. That is because the adsorbent carries a positive surface charge for 
a pH below pHZPC and reciprocally a negative surface charge for a pH above pHZPC [101]. For 
metal oxide surfaces such as iron hydroxide and manganese oxide, a null surface charge is 
usually reported within a pH 7.5 – 10 window, while organic materials such as activated carbons 
are usually reported with a pHZPC around 6.5, unless acid-treated, and also the pKa of carboxylic 
groups are usually reported between 3.0 and 6.0, making neutral pH a good compromise for 
metallic, organic and composite adsorbents [87, 101-105]. The high efficiency observed in the 







oxide or a composite organic/metal oxide surface stems from the activation of the catalytic 
potential of such adsorbents, enabling simultaneous redox reactions on the oxyanion [93]. It 
should be noted that metal salts used in the model ion uptake studies of As (V) and Cr (VI) 
were commonly sodium arsenate and chromium trioxide, with a reported pKa of 3.97 and 1.6 
for chromic acid [96].  
The distribution of heavy metal ions should be taken into account in order to reunite 
favourable adsorption conditions, i.e. a balance between the ion valence and the adsorptive 
group electron vacancies at the nanofiber surface. For instance, in the case of arsenic, As (III) 
under the form of neutral H3AsO3 predominates for pH < 10.0, while for As (V), neutral H3AsO4 
predominates until pH 2.1, at which point anionic H2AsO4
- predominates until pH 6.7, at which 
point HAsO4
2- becomes predominant until pH 11.2 [93]. For other oxyanion such as Cr (VI), 
neutral H2CrO4 predominates for pH < 1.0, at which point HCrO4
- and Cr2O7
2- become 
predominant until pH 6.0, at which point CrO4
2- becomes predominant [106, 107].  
Metal/Metal oxide, organic and metal oxide-organic composite adsorbents were mostly 
reported to fit Langmuir isotherm model, suggesting a homogeneous monolayer adsorption, 
while and following a pseudo second order kinetic model, suggesting the adsorption is rate-
limited by chemisorption [63]. Solution pH as a regulator of the adsorbent surface protonation 
and metal ion complexation and valence thus play a major role in the adsorbent performance.  
2.3.3.5. Influence of solution ionic strength, co-ion competition and temperature  
 
Solution ionic strength is a parameter that is scarcely reported in adsorption studies, 
however since affecting the interface potential and thickness of the double layer between the 
adsorbent surface and the heavy metal ions, ionic strength should be taken into account for 







surface area compared to bulk and commercial adsorbents, solution ionic strength therefore 
plays an even more critical role in the nanofiber ion uptake [108]. The modification of the 
surface chemistry of the adsorptive nanostructure from the solution ionic strength stems from 
the presence of the background electrolyte on the same plane as the outer-sphere of the 
nanostructures, with the more readily formation of outer-sphere complexes influencing on the 
adsorption performance, while when brought to higher extents an obstruction of metal ion 
adsorption by the background electrolyte ion is possible [87]. For instance, arsenate adsorption 
was reported to be maximal at lower pH and higher ionic strength of 0.1 M KNO3 on a goethite 
adsorbent surface, forming two bidentate inner-sphere complexes [108]. An improvement in Cr 
(VI) adsorption kinetics was also reported for a ZVI-CNT composite adsorbent when solution 
ionic strength was increased from 0 to 0.05 M of NaCl [109]. 
Competitive adsorption from co-ions can also incur depending on the specificity of the 
main adsorption mechanism. Indeed, while inner-sphere complexation adsorption mechanism 
may be intrinsically specific to the targeted heavy metal ion, electrostatic interactions or H-
bonding interactions between the heavy metal ion and the hydroxyl groups at the adsorbent 
surface may be specific only to the adsorbate ion surface charge, thus impairing the adsorbent 
ion selectivity [87, 110]. For instance, Cr (VI) adsorption on magnetic iron oxide-graphene 
composite was reported to decrease with the increase in the presence of sulphate ions, which 
was attributed to the potential surface complexation of sulphate with iron oxide, leaving Cr (VI) 
in competition for adsorption sites [87, 111]. For CuO-ZnO nanofiber adsorbent, it was reported 
that the presence of competing anions such as phosphate or nitrite greatly affected the 
adsorption of arsenic [112]. In the adsorption of arsenic by ferrihydrite, the presence of 
phosphate was found to significantly impede the As (V) and As (III) uptake, concomitant with 







Finally, most adsorption studies reported in this review were conducted at ambient 
temperature, with thermodynamic analysis of the adsorption reaction rarely reported. However, 
in a reaction rate-limited by chemisorption, an increase in temperature could increase the 
adsorbent adsorption capacity [87, 114]. Indeed, increasing the temperature would thus thin out 
the boundary layer around the nanofibers as well as increasing the number of surface sites 
available on the adsorbent [87]. For instance, arsenate adsorption on goethite was reported to 
be improved when the reaction temperature was raised from 30 to 90 °C [114]. At higher 
temperature, the content of iron hydroxyl groups was decreased, replaced by arsenate forming 
inner-sphere bidentate/monodentate complexes [114]. 
2.3.3.6. Comparison of performance regarding initial ion concentration and 
adsorbent dose 
 
The adsorption capacity of nanofibers and benchmark adsorbents in regards to the initial 
contamination (IC) and material dose (D) is presented in Figure 2.4, for the uptake of As (V) 
and Cd (II), respectively.  
 
Figure 2.4.  (A) Relationship between the As (V) adsorption capacity and the ratio 
between initial ion concentration (mg/L) and adsorbent dose (g/L) for different adsorbent 







and the ratio between initial ion concentration (mg/L) and adsorbent dose (g/L) for 
different adsorbent structures (data from Table 2.5). 
 
Large IC/D ratios are obtained for lower than average adsorbent dose and/or higher than 
average ion initial concentration, and improves the accuracy in the performance comparison 
between adsorbents tested in varying conditions of ion concentration and adsorbent dose, in 
regard to their proportion in available active surface sites. Similarly, to other nanomaterials, 
nanofibers here showed higher adsorption capacities and were employed at larger IC/D ratios 
compared to bulk adsorbents, usually translating a lower adsorbent dose from the increased 
nano-adsorbent surface of contact. For instance, PEO-chitosan nanofibers showed a Cu (II) 
adsorption capacity of 163.7 mg/g, at an initial concentration of 100 mg/L and a dose of 0.5 
g/L, meanwhile, DTPA-chitosan alginate beads showed a Cu (II) adsorption capacity of 107.5 
mg/g for the same initial concentration and a higher dose of 1 g/L (Table 2.7- 7, 15) [99, 116]. 
Among other nanostructures, the performance of nanofibers could have been expected to be 
improved as the nanofiber structure is more stable in water and poorly subjected to 
agglomeration, however no significant difference in performance could be observed compared 
to other nanomaterials at similar IC/D ratios. Indeed, PANI-ZVI nanofibers showed an As (V) 
adsorption capacity of 227.3 mg/g, for an initial concentration of 1 mg/L and a dose of 0.1 g/L, 
while protonated titanate nanotubes showed an As (V) adsorption capacity of 204.1 mg/g for 
an initial concentration of 25 mg/L and a dose of 1 g/L (Table 2.4- 3, 10) [95, 97]. Finally, as 
nanofiber diameter is closely related to the adsorbent contact surface area, particular attention 
should be drawn to the average and distribution of the nanofiber diameter. For instance, in 
conditions of initial Cu (II) concentration of 100 mg/L, nanofiber dose 0.5 g/L and neutral pH, 







compared to 163.7 mg/g for PEO-chitosan nanofibers with an average diameter of 98 nm 










2.3.3.7. Adsorption data tables 
 




























1 α-MnO2 nanofibers 144 0.4 20   60.19 270 0.5 6 2 20 Langmuir Mass 
transfer 
 [92] 
2 Iron modified PVA 
nanofibers 
     36 100 0.67  0.5 22    [117] 
3 Polyaniline –ZVI 
composite nanofibers 
   85  227.3 1 0.1 7  25 Langmuir Pseudo II 
order 
99 [97] 
4 Crosslinked iron-chitosan 
nanofibers 
   153 6.3 11.2 3.1 0.2 7.2 1.5 25  Pseudo II 
order 
 [118] 
5 Delta-MnO2 nanofibers 47.7 0.166 11.9  4.1 1.7 5 2 6.5  25 Freundlich Pseudo I 
order 
15 [80] 
6 CuO/ZnO nanofibers    147  3.05 2 0.5  1.5  Freundlich Pseudo II 
order 
 [112] 














9 Iron oxide – 
polydopamine membrane 
31.9  11.6   325 100 0.1 7      [85] 
10 Protonated titanate 
nanotubes 
312   13 4.8 204.1 25 1 3 1 25 Langmuir  90 [95] 
11 Hematite nanoparticles 
(aggregated) 
50     4.1 0.2 0.01 7 0.3  Freundlich  Pseudo II 
order 
 [120] 
12 Manganese ferrite 
nanoparticles 
81.1   50 7.6 15 40 0.4 6.5 2 20 Freundlich Pseudo II 
order 
 [121] 
13 hydrous cerium oxide 
nanoparticles 
198    2.7 10 0.92 0.1 7  25    [122] 
14 α-MnO2 nanorods 187.3 0.486 9.9  3.6 7.4 5 5 6.5  25 Langmuir Pseudo II 
order 
75 [80] 
15 Iron oxide –graphene 
oxide nanocomposites 
341 0.29 28  5.9 113 350 0.8 3 8 23   99 [84] 
16 SWCNT coated with iron 
oxide nanoparticles 
     45.12 20 0.4 4 1.5 25 Freundlich  Pseudo II 
order 
85.2 [123] 
17 Goethite decorated 
graphene-carbon 
nanotubes aerogel 
150.1  8.29   56.43 25 0.25  1.5 25 Langmuir Pseudo II 
order 
 [81] 
18 Mesoporous Cu/Mg/Fe 
layered double hydroxide 
70 0.797 34.6   13.0 2 0.2 6 24 25 Langmuir Pseudo II 
order 
60 [124] 
19 Highly porous copper 
ferrite foam 
    6.5 85.4 10  8.1 3 50 Langmuir   [125] 
20 Graphene oxide-copper 
ferrite foam 







21 MnO2-organic bentonite 
composite 
128.9 0.15 4.6   3.1 0.5 0.2  0.7  Langmuir  90 [127] 
22 Iron loaded zein beads      1.95 1 10   25 Langmuir  78 [128] 
23 Zinc peroxide 
functionalized graphite 
































1 Pen shells      35.65 100 1 4 0.5 25 Langmuir Pseudo II 
order 
 [130] 
2 Areca food waste 80     1 .12 4 10 5.6 1 25   95 [131] 
3 Modified bentonite 68.4 0.17 9.9   39.22 100  5 24 25 Langmuir Pseudo II 
order 
42 [132] 
4 Copper oxide nanoblades      192.30 100 0.5 7   Langmuir   [133] 
5 Tobacco stem biochar      160 1000 4 4 12 25 Langmuir Pseudo II 
order 
 [134] 
6 Mesoporous silica with 
TPDP ligand 







7 AOPAN/RC blend 
nanofibers 
27.34  28.46   1.13 100 0.3 6 1.5 25 Langmuir   [135] 
8 PEO/Chitosan nanofibers 312.2   98  143.8 100 0.5  2 25 Langmuir Pseudo I 
order 
 [99] 
9 Hydrated manganese oxide 
nanoparticles 
3.57 0.003 13.8   10 10 0.2 6.5  25 Freundlich Pseudo II 
order 
 [136] 
10 Aminated PAN-alumina 
nanofibers 





     61.72 150   3 25 Langmuir  92 [138] 
12 EDTA modified PAN 
nanofibers 
















13.68     21 100 2 6 3  Freundlich   [141] 






































1 Polyaniline      50.5 100 10 10 0.5  Freundlich Pseudo II 
order 
84.47 [143] 
2 Iron impregnated pumice 
composite 
      40 5 7 24 25 Langmuir  62 [144] 
3 Phosphine-functionalized 
PVA/silica nanofibers 
805.5 0.752 6.8  5.9 234.7 120 0.5 6 0.25 25 Freundlich Pseudo II 
order 
98 [82] 
4 Vermiculite      36.77 70 5 6.9 5 25 Langmuir   [145] 
5 2,4-dinitrophenylhydrazine 
modified nanoalumina 
              [146] 
6 Kaolinite      0.446 300 10  2 25 Langmuir   [78] 
7 Activated carbon 914.23 0.731    172 140 0.75 5  25 Langmuir  85 [83] 
8 PVA/Chitosan dry blend      9.225 100 8 5 1.5 30 Freundlich Pseudo II 
order 
 [147] 
9 Steel slag 30.268 0.028 1.54   0.9 30 10 6 10  Langmuir  95 [148] 
 Manganese oxide coated 
zeolite 
    4 1.2 3.64 2.5 6  25   80 [149] 
 







































   17  2.7 0.6 0.2 5.3 12 25   90 [150] 
3 PS/TiO2 nanofibers      522 20000 20  1.5   Pseudo II 
order 
 [151] 
4 Amidoxime PAN 
nanofibers 
     242 500   24 30 Langmuir   [152] 
5 Amidoxime PAN 
nanofibers 
     52.7 400 6.7   25 Langmuir   [153] 
6 Aminated PAN 
nanofibers 
     116.52 590  5 0.75 25 Langmuir   [154] 
7 PEO/Chitosan nanofibers 312.2   98  163.7 100 0.5  2 25 Langmuir Pseudo I 
order 
 [99] 
8 MgAl-EDTA layered 
double hydroxide PAN 
nanofibers 
     120.77 64 1.25 5  25 Langmuir Pseudo II 
order 
 [155] 





10 MOF-derived nanoporous 
carbon 
     32 50 0.2  21 25    [157] 
11 Chitosan-rectorite 
nanospheres on 
polystyrene fibrous mats 









12 Pyrolusite (MnO2 ore)    120000  54.3 160 6 5.2 3 23 Langmuir Pseudo II 
order 
96.5 [159] 
13 Sulfur microparticles      1500 1900  4.5 0.5 30 Freundlich   [160] 





     107.5 100 1 3  28   68 [116] 
16 Chitosan-EDTA      110 300 2 7 1.7 25 Langmuir Pseudo II 
order 
 [162] 
17 Carboxylated graphene 
oxide 
39.79 0.14 17.38   357.14 100 0.01 6 1 25 Langmuir Pseudo II 
order 
99.4 [115] 
18 Orange peels biosorbents 4.47    3.1 107.98 1200 10 5 1  Langmuir Pseudo I 
order 
 [163] 
19 Cysteine modified green 
algae 
     19 20 1 11 1 24   95 [164] 
20 Farmyard derived biochar 10.11     44.5 50 10 2 3 45 Freundlich  99 [165] 
 

































1 Iron oxide nanoparticles 86.95 0.21 0.135   227.2 600 1 6 3 30   96 [91] 
2 Na-bentonite 1.58 0.009 2 .31   12 50 6 9   Langmuir Pseudo II 
order 
80 [166] 
3 Hydroxyapatite nanorods 101.2    8.3 7.35 5 0.5 7   Langmuir Pseudo II 
order 
 [167] 
4 Metakaolin based 
geopolymer 
39.24     40  3.2 7.3 1 25 Langmuir Pseudo II 
order 
97 [168] 
5 Polyacrylate grafted 
activated carbon 
892 0.49 2.19   55.7  10 7  25 Langmuir   [169] 
6 Multi-walled carbon 
nanotubes 
     6.09 25 5 7  25 Langmuir Pseudo II 
order 
70 [170] 
7 Iron modified carbon 
foam 
546 0.423 3.1   13 50 4 7 4     [171] 
8 PEO/Chitosan 
nanofibers 
312.2   98  175.1 100 0.5 5 2 25 Langmuir Pseudo I 
order 
 [99] 
9 Polyethylene imine 
modified hydrochar 
     29.06 50 2.5  4 25 Langmuir Pseudo II 
order 
 [172] 
10 MWCNT coated with 
ion impregnating 
polymer 











































2 Iron modified PVA 
nanofibers 
     67 100 0.67  0.5     [117] 
3 Polyaniline –ZVI 
composite nanofibers 




4 Thiol functionalized chitin 
nanofibers 
   24  138   7  22 Langmuir   [174] 
5 PAN-CNT/TiO2-NH 
nanofibers 




6 Protonated titanate 
nanotubes 
312   13 4.8 59.5 5 1 7 1 25 Langmuir  91 [95] 
7 Hematite nanoparticles 
(aggregated) 




8 Manganese ferrite 
nanoparticles 









10 hydrous cerium oxide 
nanoparticles 
198    2.7 13.5 0.124 0.1 7  25    [122] 
11 










12 Carbon cryogel/ceria 
nanocomposite 
614     3.76 10 4 7  20   85 [177] 
13 Nano aluminium doped 
manganese copper ferrite 
polymer composite 




14 Nano tin ferrous oxide 
decorated graphene oxide 
sheets 




15 Iron oxide –graphene oxide 
nanocomposites 
341 0.29 28  5.9 147 400 0.8 7 P 23   99 [84] 
16 Iron hydroxide / Manganese 
dioxide doped straw 
activated carbon 




17 Iron containing MnO2 
hollow microspheres 
232 0.34    102.84 20 1 6 3 25    [180] 
18 Highly porous copper 
ferrite foam 
    6.5 44 10  8.1 3 50 Langmuir   [125] 
19 Graphene oxide-copper 
ferrite foam 
    6.5 51.64 10  7.2 1.5 50    [126] 
20 Zinc peroxide 
functionalized graphite 







































1 Fe3O4 contained PVA-
chitosan nanofibers 
   10  200 100 5 3 3.3 25  Pseudo I 
order 
 [181] 
2 Manganese oxide nanofibers 94.1   13  14.6 40 20 2 1 25  Pseudo II 
order 
98 [182] 
3 Sodium alginate – 
polyaniline nanofibers 
     73.3 100 2 4.2 1.5 30 Freundlich Pseudo II 
order 
 [183] 
4 PAN-ferrous chloride 
nanofibers 
   153  3.6 10 2.5 5 3.3 25  Pseudo II 
order 
 [184] 
5 α-Fe2O3 nanofibers 59.2 0.2 13.4 23 7.1 55 30 0.1 6 2     [185] 
6 Cysteine modified Ppy-
propylic acid nanofibers 
     1750  0.1 5.5 0.75 22   99 [4] 
7 Ppy-PANI nanofibers      227 100 1 2  25 Langmuir Pseudo II 
order 
99 [98] 
8 PAN-NH2 nanofibers    326  156 100  2 1.5 22 Langmuir Pseudo II 
order 
 [186] 





10 Chitosan/PMMA nanofibers      67 20 0.9 4 50  Langmuir   [188] 
11 PAN-CNT/TiO2-NH2 
nanofibers 









12 PAN/Ppy core shell 
nanofibers 
   200  44.95 200 3.3 2 1.5 25 Langmuir Pseudo II 
order 
 [190] 
13 Zn augmented aminated PAN 
nanofibers 
134.5 0.369  172  23 50 2.5 2 5 35  Pseudo II 
order 
 [191] 
14 Fe-grown carbon nanofibers 
with porous C microbeads 
426 0.397   5.1 45 100 1   30 Langmuir   [192] 
15 Thiol modified cellulose 
nanofibrous composite 
     87.5 100  4 1 22 Langmuir   [193] 
16 Aminated Fe3O4 
nanoparticles filled 
Chitosan/PVA/PES dual 
layers nanofiber membranes 
    3.8 38 100 0.5 2 1 30 Langmuir Pseudo I 
order 
 [194] 
17 Chitosan/ aluminium/ 
lanthanum mixed 
oxyhydroxide 
     78.90 200 2 4.5 0.5  Freundlich Pseudo II 
order 
 [195] 
18 Imidazole modified silica 260.13 0.1 15.56   42 100 1.5 2 1 30 Langmuir Pseudo II 
order 
 [196] 
19 Immobilized Zea mays 
biomass 
     27 100 1 2 10 25 Langmuir Pseudo II 
order 
56 [197] 
20 Eggshell 0.38  144.5  10.9 165 3210 20 5 14   Pseudo II 
order 
99 [198] 






































1 Powdered fish bones      9.9 100 18 5 12 25  Pseudo II 
order 
98 [199] 





      100 0.5  2    62 [201] 
4 L-arginine modified 
magnetic nanoparticles 











     24.21 20 0.4 6.5 2 25 Langmuir Pseudo II 
order 
88 [204] 
7 GO nanosheets on PANI 
nanofibers 
    6 288 25 2.5 7 0.7 25 Freundlich  99.03 [100] 
8 Selenium nanoparticles     3.8 60 220 1 6.5 5 25    [205] 
9 Chitosan coated 
diatomaceous earth beads 












2.3.3.8. Desorption of heavy metal ions 
 
Among the few reports of nanomaterial adsorbent desorption gathered in this study, 
chemical desorption was the most investigated pathway of desorption. Heavy metal ion 
desorption in the case of metal/metal oxide nano-adsorbent surfaces was performed in most 
cases with an alkali desorbing agent, by soaking in a NaOH solution of varying concentration 
yet below 1.1 M [92, 95, 175]. However, this process allowed for various yields of recovery. 
Indeed, protonated titanate nanotubes could desorb 85% of arsenic with 1.1 M concentration, 
and copper oxide nanoparticles were shown to desorb only 25% for a NaOH concentration of 
0.5 M, while at this concentration α-MnO2 nanofibers were reported to desorb 95% [92, 95, 
175].  A possible explanation as to why the NaOH etching is of variable efficiency may be the 
unfavourable influence from the corresponding solution pH and ionic strength, but can also 
stem from the heavy metal adsorption mechanism, as for instance the formation of inner-sphere 
complexes such as plausibly between the chemically affine arsenic ion and copper surface 
would be more challenging to disrupt than a physisorbed ion [175]. As such, it would entail 
that the metal ion selectivity of the adsorbent is detrimental to the adsorbent desorption 
capability via NaOH. 
Acid desorbing agents such as HCl or HNO3 were reported to be preferentially used for 
organic adsorbents such as activated carbon, carbon nanotubes or aminated PAN nanofibers, 
which were reported to yield successful rates of desorption [207-209]. The high efficiency of 
the process may be related to the main adsorption mechanism for this class of adsorbent, 
through physisorption, by stacking of electrons and through chemisorption, by formation of 







Regarding a potential physical desorption pathway of heavy metal adsorbates, a study 
reported the employment of CNT-nanoropes, to successfully adsorb and desorb simultaneously 
a wide range of ion contaminants, by subjecting the nanoropes to an electric field of strength 
superior to the Van der Waals and electrostatic interaction forces [210].  
2.3.3.9. Adsorption mechanism study: impact of metal ion valence and 
adsorbent composition 
 
While predominance of pH-independent physisorption by electrical interaction is 
evidenced for activated carbons and carbon nanotubes, pH-dependent chemisorption via ion-
exchange, metal bonding or H-bonding is usually observed for oxidized or acid-treated carbon 
structures, metal/metal oxide and most polymer adsorbent surfaces [211-216]. For instance, Cd 
(II) ions were reported to adsorb on the CNT surface under the action of electrostatic and Van 
der Waals interactions between the ions and the carbon atoms orderly arrayed in a hexagonal 
manner in the graphite sheet, while a modification of the CNT adsorbent by oxidization, acid-
treatment or grafting of a metal oxide group was observed to increase adsorption capacity 
through chemical interactions [217, 218]. Furthermore, the adsorption of Cd (II) ions at the 
surface of ZVI nanoparticles (n-ZVI) was reported to be a chemisorption process, obeying the 
Langmuir isotherm model [215]. Adsorption behaviour of Ni (II) ions onto a ZVI surface was 
investigated and it was established that the Ni (II) ions are first physically adsorbed by 
interacting with the outer sphere of the n-ZVI, before being chemisorbed and finally reduced 
[216]. Interestingly, nickel possesses a higher reduction potential than iron [216]. The reaction 
was pH dependent to ensure the attraction between the Ni (II) cation and the negatively charged 
n-ZVI surface [216]. Nanoparticles of ZVI were also reported to successfully sequestrate other 







It was also established that the formation of outer-sphere complexes, such as through 
electrostatic interactions or H-bonding, impeded the adsorbent ion selectivity, influenced only 
by the ion valence and surface charge, however the adsorbent shall be easy to desorb, as in 
comparison higher energies are required to break the formation of inner-sphere complexes 
achieved by selective chemisorption [87, 110]. To investigate the feasibility of a selective 
chemisorption process such as inner-sphere complexation, the use of surface complexation 
models (SCM) and a theoretical insight into the energy shifts from the highest and lowest 
occupied molecular orbitals between the adsorbent and adsorbate elements, which will in turn 
determine the bonding and anti-bonding states between adsorbent and adsorbate in both the s 
and d shells to define the strength of the adsorbent-adsorbate chemical bond, and i.e. selectivity 
by resistance to competitive ions, could be beneficial [220, 221]. 
 
Related to the solution pH, simultaneous heavy metal ion specie oxidation or reduction 
can happen during adsorption. In acidic medium, the catalytic potential of the metal oxide 
adsorbent surface is activated, and can result in an ion-exchange process with the replacement 
of metal adsorbent atoms by adsorbate heavy metal [214]. Simultaneous oxido-reduction 
reactions are of particular interest for As and Cr oxyanion species, with for instance the reported 
reduction at strongly acidic pH of Cr (VI) present as H2CrO4 to Cr (III) followed by adsorption 
of Cr (III) on the surface of activated carbon or soya cake adsorbents [222, 223]. In the case of 
As (III) adsorption onto MnO2-ZIF8 nanowires, the adsorption mechanism was established 
with first the oxidation of As (III) to As (V) by MnO2, followed by As (V) adsorption at the 
surface of the nanowires [224]. Other than competitive adsorption, the mixed presence of heavy 
metal ions can also induce a disturbance in the amplitude of the ion redox reaction at the 
adsorbent surface [225, 226]. For instance, studies of simultaneous Cr (VI) and As (V) 







precipitation of Cr (III) previously reduced from Cr (VI), all the while the presence of chromate 
in solution facilitated the adsorption of As (V) from the oxidization of Fe (II) to Fe (III) [225, 
227]. 
A further insight was given in regard to the ion valence of the heavy metal adsorbate, 
with a comparison of the As (III) and As (V) performance for the here reviewed nanofiber and 
benchmark adsorbents with various compositions, as presented in Figure 2.5. It was found that 
among the reviewed adsorbents, a higher uptake in As (III) is usually reported, though not 
significantly. For instance, iron-modified PVA nanofibers showed an As (III) capacity of 67 
mg/g, against  36 mg/g for As (V), in similar conditions of adsorption (Table 2.9-2, Table 2.4-
2) [117]. However, other adsorbents reported a significantly higher uptake of As (V), such as 
the case with protonated TiO2 nanotubes, showing a maximal As (III) adsorption capacity of 
59.5 mg/g at pH 7, while showing a maximal uptake of  204.1 mg/g for As (V) at pH 3 (Table 
2.9-6, Table 2.4-10) [95]. Furthermore, graphene oxide copper ferrite foam were reported to 
yield an As (III) uptake of 51.64 mg/g, and an As (V) uptake of 124.7 mg/g (Table 2.9-19, 
Table 2.4-20) [126]. As these compared adsorbents were reported to all follow a chemisorption 
process and are all of an organic-metal oxide composition, it could thus be assumed that similar 
ion uptake mechanisms are at stake, showing that ion valence by influencing the bonding 
strength with the adsorbent as well as the potential redox reaction can have a significant impact 









Figure 2.5. Comparison of adsorbent performance in the uptake of arsenic as a function 
of the ion valence, As (III) and As (V), respectively (data from Table 2.9, Table 2.4). In 
the adsorbent denomination, nfs, nts, nps, ncs, respectively stand for nanofibers, 
nanotubes, nanoparticles, nanocomposites. 
 
In order to evaluate which adsorption mechanism would lead to the highest 
performance, in regard to the initial concentration and adsorbent dose ratio, the relationship 
between adsorbent composition and performance towards As (V) and Cd (II) as a function of 
the IC/D ratio is presented in Figure 2.6. It was noticed that the highest performance in the 
adsorption of As (V) was observed for organic/metal oxide and metal/metal oxide adsorbent 
compositions, while in the uptake of Cd (II), organic and metal/metal oxide adsorbents 
performed the most remarkably (Table 2.4-1, 9, Table 2.5-4, 14) [85, 88, 92, 133]. These 
results suggest that while no significant difference in performance can be attributed to the 
adsorption mechanism, a metal oxide structure within the adsorbent seems to be beneficial in 








Figure 2.6. (A) Relationship between the As (V) adsorption capacity and the ratio 
between initial ion concentration (mg/L) and adsorbent dose (g/L) for different 
adsorbent compositions, (data from Table 2.4). (B) Relationship between the Cd (II) 
adsorption capacity and the ratio between initial ion concentration (mg/L) and 
adsorbent dose (g/L) for different adsorbent compositions, (data from Table 2.5). 
 
An adsorption strategy should thus be developed when designing an adsorbent for 
practical applications. Physisorption and chemisorption through H-bonding were found 
adequate for the removal of a broad range of contaminants, with reported successful chemical 
desorption and recyclability of the adsorbents [210, 219].  While this concerns carbon surfaces 
for physisorption, and most surfaces for chemisorption, the occurrence of other chemisorption 
processes might impede the adsorbent recyclability, making carbon structures more suitable 
candidates for recyclable and unselective adsorption. In particular for the adsorption of 
oxyanions, a catalytic activity of the adsorbent surface is desirable and should be taken into 
account in the adsorbent choice of composition [225]. Adsorption via ion exchange processes 
can be a suitable water treatment solution, with the replacement of the heavy metal ion 
contaminant by another of low harmfulness to humans and to the environment. Contrary to ion-







disposition of the resin liquor [228-230]. While the few reports available in the literature 
pinpoint to the challenging desorption of selectively chemisorbed heavy metals, other ways 
could be considered for sustainable and selective metal removal. For instance, perhaps using 
the natural chemical affinity between heavy metal ions of the same element, previously 
chemisorbed adsorbate ions onto nanofiber adsorbents could be recycled by the generation of 
electron vacancies at the adsorbate surface for re-adsorption. Another example would be the 
stabilization of a harmful heavy metal ion such as Hg (II), readily adsorbed by Au 
nanoparticles, themselves adsorbed on iron oxide and magnetically retrieved and separated [87, 
231]. 
2.3.3.10. Required properties of an ideal adsorbent 
 
Nanofibers have been investigated in this section for the adsorption of selected heavy 
metal ions. Nanofibers were shown to highly perform for a lower required material dose, of in 
average below 0.5 g/L for an ion concentration below 500 mg/L, compared to in average over 
1 g/L for bulk adsorbents for a similar ion initial concentration. Adsorbent pore size and volume 
were found to have some impact on the performance, with an observed optimal pore volume 
and pore size window determined respectively at [0.2, 0.6] cm3/g and [4, 8] nm. Solution pH 
was found to have a major influence on the adsorption performance, regulating in particular 
the simultaneous oxido-reduction cycles of oxyanions. Low acidic to neutral pH were observed 
to lead to higher removal yields, showing adequacy for application in the aquatic environment 
pH range, even though few reports for basic medium have been found. A relationship between 
ion selectivity and adsorbent yield of desorption was highlighted, as both rely on the adsorption 
mechanism. However, more research needs to be carried out on ways to separate the 
chemisorbed heavy metal ions from the adsorbent surface as well as on ways to regenerate 







understanding of the fundamental adsorption mechanism of metal oxide surfaces towards 
heavy metal ions. Ways to comprehend the demonstrated surface reactivity of a metal-based 
nanostructure will be reviewed.  
 
2.4. Surface reactivity of metal-based nanostructures  
 
Nanomaterials properties such as conductivity and surface reactivity have been found 
to be shape and size dependent. The quantum effect that enhances the reactivity of metals at 
the nano-scale will be reviewed in the first section. After that, specific adsorption mechanisms 
in the uptake of heavy metal ions by metal-based nanoparticles will be reviewed. Finally, the 
design of one-dimensional adsorbent will be discussed in light of flexibility in design and 
possible metal recovery. 
2.4.1.  Enhanced reactivity of metals at the nano-scale 
 
 Metal reactivity at the nanoscale is linked to both the electronic states and the shape 
and size dependence of chemical properties [232, 233].  
2.4.1.1. The electronic states 
 
 Atoms and molecules are the underlying building blocks of any materials, each of 
which has discrete energy levels or orbitals [232]. The concept of atomic orbitals has been used 
to present a simplified view of energy states in an atom. Comparatively, this concept is also 
applied to molecules to explain their energy states. As the number of atoms increases, the nature 
of interactions between those atoms becomes more complex and a variety of energy bands are 







the perfect translational symmetry of the crystal structure and the negligence of contributions 
from the crystal surface [232]. The discrete energy levels as observed in a single atom pave a 
way for the formation of broad energy bands in the bulk material. Properties at the macro-scale 
arise owing to movement of electrons in broad energy bands. For instance, the large 
delocalization of electrons in metals induces the disappearance of energy gap between valence 
and conduction bands which leads to electrical conduction [233].  
However, the two previously made assumptions (negligence of contributions from the 
surface and perfect translational symmetry of the structure) do not hold true at the nano-scale 
(for crystal sizes below 100 nm). This means it is either shape-dependent (with variation of the 
properties with asymmetrical organization), or size-dependent (with variation of the properties 
with extent of lattice organization) [232]. The properties at nano-scale can be thought of as a 
transition point from atomic scale properties to macro-scale properties. This is usually 
explained by quantum-size effects, as the free-electron gas is confined in a sphere [234-237]. 
The theory based on Fermi energy in the free electron gas model further explains the change 
in properties from the macro- to the nano-scale [235]. 
2.4.1.2. Shape and size dependence of chemical properties 
 
While significant changes at the scale of metal clusters are defined through the origin 
of molecular behaviour with the electronic states, important changes in chemical properties are 
observed due to size and shape variations at the nanoscale. 
Shape dependence 
Nanoparticles have been reported to have higher catalytic activity when they are present 
in a tetrahedral structure compared to a cubic structure. The cubic structure however showed 







a nano-catalytic reaction between hexacyanoferrate III ions and thiosulfate ions, using platinum 
tetrahedral, cubic and near spherical nanocrystals and can be explained by the enhancement in 
chemical reactivity at the sharp edges and corners of the crystals and metal grains, and can be 
correlated with the number of atoms found at the respective places [238]. To illustrate, a 4.5 
nm sized tetrahedral nanoparticle is entirely composed of [1 1 1] orientation plans, with sharp 
edges and corners, which contain around 28% of the total atoms and approximatively 35% of 
the surface atoms in the nanoparticle [67]. Although of larger size, a 7.1 nm sized cubic 
nanoparticle is composed entirely of [1 0 0] orientation plans, with a smaller fraction of atoms 
on their edges and corners, which contain only around 0.5% of total atoms and approximatively 
4% of surface atoms in the nanoparticle [67].  
Size dependence 
Size dependence of chemical reactivity arises due to the presence of a large number of 
atoms at the surface of smaller particles, and due to the variation of electronic densities [232]. 
Indeed, atoms on the crystal surface differ from atoms in the bulk of the crystal as they have 
an incomplete set of nearest neighbours. To illustrate, a study investigated the size-dependence 
effect of gold bulk and nanoparticles with the catalytic reduction of nitrophenol to aminophenol 
[239]. It was found that the reduction reaction had faster kinetics for smaller-sized gold 
nanoparticles. This size-effect was explained by a decrease in the reaction activation energy 
with the particle size, attributed to the higher reactivity of the corresponding unsaturated 
surface atoms in small particles compared to low-index surface atoms which are prevalent in 
larger particles.  
An enhanced surface reactivity can be achieved for metal materials with nanostructures. 
The decrease in size will imply a larger number of atoms at the surface with variations in 







presence of sharp edges and corners of crystals on the surface of metal materials with high 
energy facets further improves the response kinetics of the metal materials. An ideal metal 
nanomaterial adsorbent should then contain grains of small size (below 50 nm, to preserve a 
sufficient mechanical strength [240]) with high angle grain boundaries and preferably a 
tetrahedral crystal structure for an improved surface reactivity and therefore a better adsorption, 
desorption and catalytic performance. The creation of more defects on the surface by 
introduction of a second metal to an existing metal nanoparticle enhances the nano-metal 
reactivity [241]. However, it should be taken into account for the multi-metal nanostructure 
synthesis that because of high surface energies of most high-index planes, crystals usually grow 
perpendicular to such planes [241].  
 
2.4.2.  Mechanisms of heavy metal ion adsorption by metal-based 
nanoparticles  
 
 The first studies about the interactions of metal ions with noble metal nanoparticles 
dated back to early 1990s [242]. This section firstly reviews the use of noble metal 
nanoparticles as adsorbent for heavy metal ions, with the adsorption mechanisms of colloidal 
forming particles and metal alloying. Then iron-based particles and other reactive metal 
nanoparticles including Manganese, Aluminium, Titanium, Zinc, Magnesium, Cerium and 
Copper will be discussed in light of their respective performance for the adsorption of common 











2.4.2.1. Noble metal nanoparticle adsorbents: case of silver and gold 
 
2.4.2.1.1. Adsorption by formation of colloidal particles 
 
Noble metals such as silver nano-particles have been studied for the purification of 
heavy metals effluents. It was established that the redox potential of the microelectrode 
becomes more positive as the particles grow, as shown in Equation (2.9) [67]. 
𝐴𝑔𝑛  ⟷ 𝐴𝑔𝑛
+ + 𝑒−  (2.9) 
 
 
In the case of silver, for a free atom (n=1) the potential of a silver electrode is −1.8 V 
which becomes 0.799 V when n tends towards infinity [243]. A study on the interactions 
between silver clusters and copper ions for the degradation of pesticides showed particularly 
well the impact of such size-dependent changes on the electrochemical properties [244]. The 
reaction to catalyse the transformation of silver clusters into colloidal metal particles of 
stabilized silver clusters with copper (II) ions followed the Equation (2.10, 2.11) [244]:  
 
𝐴𝑔𝑛 + 𝐶𝑢
2+  →  𝐴𝑔𝑛−1 + 𝐴𝑔
+ + 𝐶𝑢+  (2.10) 
𝐶𝑢+ + 𝐴𝑔𝑛+𝑚  →  𝐶𝑢
2+ + 𝐴𝑔𝑛+𝑚
− 𝐴𝑔+ + 𝐴𝑔𝑛+𝑚
−  →  𝐴𝑔𝑛+𝑚+1 (2.11) 
 
where Agn represents a silver cluster composed of n atoms and Agn+m a colloidal particle 
composed of (n+m) atoms. The rather negative potential of silver clusters explains the 
electrochemical feasibility of Equation (2.10) [244]. Further investigations based on the 







the intensity of the 380-nm band of metallic silver, hence provoking the strong reactivity of 
clusters with copper (II) [244].  
Another study reported the interactions of cadmium (II) ions with colloidal silver 
particles of 4 nm diameter [245]. They found that the interactions engendered the generation 
of radicals that caused the electron transfer leading to the formation of colloidal cadmium 
[245].  
2.4.2.1.2. Adsorption by metal alloying 
 
Heavy metal adsorption by metal alloying is a promising concept for the treatment of 
harsh effluents with considerably increased adsorption capacities [67]. A study on the 
adsorption mechanism with gold nanoparticles for the reduction of mercury has found that the 
reduction of mercury (II) ions to the zero-valent state followed by the alloying with gold 
nanoparticles increased the adsorption capacity to 4.065 g per gram of gold [246]. A significant 
growth of the gold nanoparticles after addition of mercury was observed, as well as an 
amorphous layer of mercury around the nanoparticles. It was further confirmed that the 
alloying formation was in Au3Hg phase [246]. This adsorption enhancement means that only 
738 mg of gold are required to treat 3,500 L of 1 ppm mercury [246]. 
 
The metal alloying adsorption has also been investigated with silver nanoparticles of 
60 – 80 nm size for mercury (II) ions reduction [67]. The addition of mercury ions immediately 
led to a partial oxidation of the silver nanoparticles to silver ions. The shift in the absorbance 
of the solution has been attributed to the incorporation of mercury into the silver nanoparticles 
[67, 247]. They found that the size of the particles had grown to over 600 nm after mercury 







Another finding was that the concentration of mercury at the edges of the particles was slightly 
higher than that in the centre [67]. This was attributed to the fact that mercury atoms adsorbed 
on the silver surface rapidly diffuse into the silver core [67]. The reaction mechanism is 
described below by Equation (2.12 to 2.14): 
𝐴𝑔 →  𝐴𝑔+ + 𝑒−         (2.12) 
𝐻𝑔2+ + 2𝑒−  → 𝐻𝑔        (2.13) 
2𝐴𝑔 + 𝐻𝑔2+  → 𝐻𝑔 + 2𝐴𝑔+ (2.14) 
 
The mechanism of galvanisation of silver by mercury has been explained using 
thermodynamics applied to nano-scale clusters. The initial potentials are -0.8V for silver 
oxidation (Equation (2.12)), 0.85 V for mercury reduction (Equation (2.13)) and the silver-
mercury reaction potential is of 0.05 V (Equation (2.14)) [67]. As previously discussed, the 
reduction potential for a free silver atom is −1.80 V, meaning that the reduction potential of the 
silver nanoparticle is likely to be less than 0.8 V, therefore creating a strong driving force for 
the galvanic reaction [67].  
The use of metal alloying can considerably improve the adsorption capacity of the 
adsorbent and could be even used as a formation process for multi-metal nanoparticles [67]. 
Many stable metal-metal systems exist under the form of alloys, with various compositions, 
depending on the phase stability. For instance, gold and mercury alloys exist in several phases 
such as Au3Hg, AuHg, or AuHg3 [246]. However, metal alloying adsorption is not adapted to 
every metal adsorbent. For instance, the surface corrosion of iron adsorbents reduces the 










2.4.2.2. Iron and iron-based adsorptive nanostructures 
 
 
The large resource and ease of fabrication make of ferric oxides low-cost adsorbents 
for heavy metal ions, and since zero-valent iron is non-toxic, ferric oxides can be pumped 
directly to contaminated sites with low risks of secondary contamination [248]. The main iron 
and iron oxides nano-adsorbents include zero-valent iron, goethite (α-FeOOH), hematite (α-
Fe2O3), amorphous hydrous iron oxides, maghemite (γ-Fe2O3), and magnetite (Fe3O4) [216, 
249-252]. 
Zero-valent iron is one of the most important nano-adsorbents studied for water 
purification, mainly because it can treat a broader range of contaminants, including heavy 
metals [253]. The reactivity mechanism for zero-valent iron is similar to the mechanism of 
corrosion (oxidation of iron) as shown in Equation (2.15): electrons are first generated, 
followed by the reduction of the organic species by dechlorination [254]. 
𝐹𝑒0 + 𝑅 − 𝐶𝑙 + 𝐻+  →  𝐹𝑒2+ + 𝑅 − 𝐻 + 𝐶𝑙− (2.15) 
 
A study on the chemistry happening between nickel (II) ions, which have a reduction 
potential higher than iron, and zero-valent iron has been reported [216]. The nickel ions are 
first physically adsorbed by interacting with the outer sphere, before being chemisorbed and 
finally reduced [216]. At an appropriate pH, the surface of iron nanoparticles is negatively 
charged and therefore attracts the nickel ions. Nickel ions are adsorbed on the surface and are 







of other metal ions by iron such as lead, cadmium, chrome, cobalt, copper, mercury and 
selenium [219, 255]. 
However, the use of zero-valent iron at an industrial scale is limited by the corrosion of 
the metal surface and the by-products from the decomposition reaction of chlorinated 
hydrocarbons [67]. Indeed, the constant interaction of iron with water induces the formation of 
iron hydroxide on the metal surface [67]. This limitation can be overcome by a surface coating 
that could even further enhance the adsorption properties, though it would increase the 
fabrication cost. Concerning the reaction by-products, their release could be toxic for the 
environment, making this adsorption process not eco-friendly [67].  
Goethite chemical nature combined with the high specific surface area makes this oxide 
an efficient adsorbent for metal cations [256]. A few studies investigated the chemistry and 
kinetics of the adsorption/desorption of copper (II) ions by goethite and hematite [257]. They 
found that the copper adsorption increased with the solution pH (varied from 4.5 to 5.5), that 
the process was insensitive to the background electrolytes, and that the copper adsorption on 
the goethite surface formed an inner-sphere surface complex. The kinetic analysis indicated 
that the intrinsic rate constant for adsorption was more important than the intrinsic rate constant 
for desorption by almost two orders of magnitude [257]. This rate of adsorption of copper (II) 
ions on goethite was directly related to the water molecule release from the primary hydration 
sphere of the divalent metal cation. The use of this pressure jump analysis technique combined 
with surface complexation modelling can be further applied to other divalent metal cations 
such as lead to describe the adsorption/desorption cycle [258]. Although goethite had shown 
to have a larger specific surface area and a higher copper (II) ions adsorption capacity than 
hematite, the adsorption reaction of copper (II) ions on hematite presented similar kinetics 







second order kinetics for both goethite and hematite. The adsorption isotherms were described 
by the Langmuir model, implying that their surface active sites were homogeneous for the 
sorption of copper ions [249]. 
Hydrous ferric oxides with mean pore diameter of 3.8 nm and surface area of 600 m2/g 
have been fabricated for the adsorption of lead and copper divalent ions [259]. It was reported 
that the variation of ionic strength did not seem to impact the hydrous ferric oxide adsorption 
properties [260]. The ionic strength variation resistance may suggest the formation of inner-
sphere complexes between the heavy metal and hydrous ferric oxide [259]. Intra-particle 
diffusion has also been observed to be the rate-limiting step in the adsorption process of 
divalent metal cations on the hydrous ferric oxides. To summarize, the mechanism of 
adsorption by hydrous ferric oxides can be described in two steps: firstly a fast and immediate 
adsorption on the ferric oxide external surface, secondly a slow intra-particle diffusion along 
the micro-pores walls [250]. 
Maghemite nanoparticles of 10 nm diameter and 178-198 m2/g of specific surface area 
were successfully synthetized and responded well to magnetic fields, this property coming from 
its route of fabrication and its resulting saturation moment appearing to be similar to the value 
of macro-scale particles [251]. Maghemite has been applied to the adsorption of chromium 
(VI) ions, and the equilibrium period was independent of initial Cr (VI) concentration and the 
adsorptive capacity increased when pH decreased [251]. It also exhibited a high selectivity for 
chromium (VI) ions from water, with a higher adsorption capacity than commercial activated 
carbon (19. 2 mg/g against 15.47 mg/g) [251, 261]. The study also showed that no redox 
reaction had occurred during the chromium ions retention on the maghemite surface, which 
suggests the maghemite nanoparticles are stable at acidic pH [251]. The adsorption mechanism 







attraction at a relatively low pH. Another study was carried out to investigate the adsorption 
kinetics and mechanisms of other heavy metals such as copper and nickel by nano-maghemite. 
Each adsorption reaction was found to be highly pH dependent and metal ion uptake mainly 
resulted from electrostatic attractions [262]. 
Needle-shaped magnetite nanoparticles of 8.5 (± 1.3) nm diameter have been 
successfully synthetized and used as a magnetic core in composite adsorbents for the removal 
of heavy metals [263]. 
2.4.2.3. Other metal oxide-based nanoparticle adsorbents 
 
High reactivity metal oxides nanostructures have been studied for adsorption of heavy 
metal ions, and include manganese, aluminium, titanium, zinc, magnesium, cerium and copper. 
2.4.2.3.1. Manganese oxide  
 
The widely studied nano-sized manganese oxides for heavy metal adsorption include 
hydrous manganese oxide and nano-porous or nano-channelled manganese oxides. 
Hydrous manganese oxides have been successfully fabricated with a specific surface 
area of 359 m2/g [264]. The two-step adsorption mechanism of divalent metal cations such as 
lead (II), cadmium (II) or zinc (II) can be explained by an ion-exchange process and usually 
results in the inner-sphere formation: a rapid adsorption of the heavy metal ions occurs on the 
external surface of the oxide and then is followed by a slower intra-particle diffusion along the 
pores walls [13, 250]. It has been found that the adsorption was better represented by the 
Freundlich model, suggesting that the active sites of the hydrous manganese oxide surface are 







oxides showed better efficiency for lead, followed by cadmium, and finally zinc. This could be 
due to the different softness of these metals [264]. 
Mixed-valence manganese oxides with octahedral molecular sieve structure have been 
developed for metal cation adsorption. The octahedral molecular sieve structure is constructed 
from edge sharing double chains of MnO6 octahedra that can build up a 2 × 2 or 3 × 3 channels 
structure, called cryptomelane (K+) and todorokite (Mg2+ and Ca 2+) types, respectively [265]. 
The tunnels dimension can slightly vary but has been found to be about 0.7 nm in 3 × 3 and 
about 0.46 nm in 2 × 2 channel structures [265]. Those manganese oxides showed great 
adsorption potential for trace strontium and silver, which were adsorbed through ion exchange 
mechanism, with reasonably high exchange rates due to the small particle dimensions [265]. 
Hydrometallurgical wastewater (usually rich in manganese, calcium, iron, magnesium, sodium 
and aluminium) has been used as a manganese precursor for molecular sieve synthesis, giving 
an environmentally friendly approach to synthesising this kind of adsorbents [266]. In fact, 
manganese oxides with tunnel structures constitute a large class of selective ion exchangers 
and adsorbents [267]. In addition to the cryptomelane- (2 × 2) and todorokite-type (3 × 3) 
materials, there are several other structure types such as romane-chite (2 × 3) and RUB-7 (2 × 
4). The selectivity of these exchangers toward metal ions mostly relies on their structures [13]. 
2.4.2.3.2. Aluminium oxide  
 
A traditionally used adsorbent for heavy metals is alumina (Al2O3) [268]. Chemical or 
physical modification of γ-Al2O3 with functional groups containing donor atoms such as 
oxygen, nitrogen, sulphur or phosphorus can improve the adsorption of alumina toward heavy 
metal ions [269, 270]. The heavy metal removal mechanism changes according to the 







by surface adsorption but also by a surface attraction or chemical-bonding interaction with the 
functional group [270]. For instance, a study investigated the modification of γ-Al2O3 surface 
with γ-mercaptopropy-trimethoxysilane (γ-MPTMS), and it was found that the selectivity 
towards copper, mercury, gold and palladium ions was improved [271]. One of the findings 
concerned the relatively amorphous structure of the modified γ-Al2O3 and this could be due to 
the formation of chemical bonds of Si–O–Al, which is more stable than physical loading. Three 
mechanisms have been advanced for the adsorption of metal ions on γ-MPTMS modified 
alumina: the adsorption of metal ions through the affinity of –SH, adsorption by hydrolysis of 
metal ions, and adsorption by electrostatic interactions [271]. The hydrolysis and electrostatic 
adsorption were found predominant in basic solutions, while a decrease in pH involved the 
domination of the first mechanism [271]. 
2.4.2.3.3. Titanium dioxide 
 
Bulk and nanoparticles of anatase titanium oxide show different chemical behaviours 
and catalytic reactivities according to their different surface planes [13]. A comparison between 
their specific surface area has been carried out and it was found to be of 185.5 and 9.5 m2/g for 
a nominal particle size of 8.3 and 329.8 nm for nano-sized and bulk titanium oxide, respectively 
[272]. The nanoparticles were found to be able to simultaneously remove multiple metals such 
as zinc, cadmium, lead, nickel and copper from a pH 8 solution, with a better adsorption 
capacity than the bulk titanium oxide particles. The study of the adsorption kinetics revealed 
that the Langmuir isotherm was suitable to characterize the metal adsorption. Another finding 
was that the presence of common cations and anions (100–5000 mg/L) had no significant 








2.4.2.3.4. Zinc oxide 
 
Nanostructured zinc oxide has been investigated for heavy metal removal for the past 
decades [274]. Nano-plates of zinc oxide are easy and relatively cheap to fabricate, and also 
convenient to tailor morphologically [275]. They are usually composed of two terminal non-
polar planes which are of a few microns in the planar dimensions and 10–15 nm in thickness 
[274]. They were also found to be porous with 5–20 nm of pore diameter and a specific surface 
area of 147 m2/g, with an adsorption capacity over 1600 mg/g for copper (II) ions [274]. The 
adsorption isotherm was following the Freundlich model, while the commercial zinc oxide 
nano-powders usually follows a Langmuir isotherm. 
Bi-metallic nanocomposites have also been investigated using nano-plates of zinc 
oxide. A study reported the fabrication of ZnO/PbS hetero-structured materials [275]. In this 
process, zinc oxide nano-plates were used to adsorb lead (II) ions which was further 
hydrothermally treated in a sulphur-containing solution. The resulting zinc oxide nano-plates 
showed a good adsorption capacity (6.7 mg/g) for lead (II) ions due to the surface hydroxyl 
groups. 
2.4.2.3.5. Magnesium oxide  
 
The synthesis of nano-sized manganese oxides has attracted a lot of attention under the 
form of nanorods, nanowires, nanotubes, fishbone fractal nanostructures induced by cobalt, or 
nanocubes [13, 276]. In particular, nano-sized manganese oxides with nanoflakes, flower like 
microspheres composed of flakes and hexagonal MgCO3 with layer-like rhombohedra and 
microspheres composed of rhombohedra were synthesized and tested for adsorption of 







adsorption capability of manganese oxide. The flowerlike mesoporous microspheres also 
exhibited excellent adsorption capabilities for cadmium (II) and lead (II) ions, with a decrease 




2.4.2.3.6. Cerium oxide 
  
Among cerium oxides, ceria (CeO2) is the material that has been the most investigated 
for heavy metal adsorption. Ceria nanoparticles of 12 nm average size and 65 m2/g specific 
surface area have been successfully synthetized for adsorption of chromium (VI) ions [278]. 
No chromium (VI) had been detected in the solid phase, while only chromium (VI) was 
obtained in the liquid phase, and the total chromium obtained was chromium (III). This 
suggested a redox process occurring on the surface of the ceria nanoparticles, as the reduced 
chromium remained at the oxygen vacancy on the ceria nanoparticle’s surface [278]. 
Freundlich adsorption model well described the obtained adsorption isotherm, and the reaction 
followed a pseudo second order kinetic [278]. However, bioluminescence tests revealed that 
the toxicity of the treated solution was not altered by the adsorption treatment [13]. 
Hollow ceria nano-spheres of 260 nm uniform size and composed of 14 nm CeO2 
nanocrystals were also synthetized and characterized for metal ion adsorption [279]. The 
enhanced spatial dispersion due to the hollow interior space not only improved the specific 







adsorption capacity for chromium (VI) and lead (II) were 15.4 mg/g and 9.2 mg/g respectively, 
which is about 70 times higher than the capacity of commercial ceria bulk particles [279]. 
2.4.2.3.7. Copper oxide 
 
Copper oxide CuO nanoparticles have been successfully used as adsorbent of arsenic 
and arsenate with an adsorption capacity of 26.9 mg/g for As(III) and 22.6 mg/g for As(V) 
[280]. The particles, of 15 nm average diameter and 85 m²/g specific surface area, could adsorb 
arsenic in the presence of competing anions such as sulphates and phosphates and across a 
range of pH from 6 to 11 [280]. The effective removal of arsenic has been attributed to the high 
zero point of charge of CuO, estimated at 9.4 ± 0.4 [280]. The ability of CuO to adsorb both 
As(III) and As(V) across a broad pH range and in competition with co-anions simplifies the 
water treatment process and suggests that the CuO adsorbent material could be effective across 
a wide range of effluent conditions, thus making it a promising candidate for the arsenic 
removal from groundwater [175].  
Copper oxide nanoparticles have also been investigated for the removal of lead cations 
[281]. It was established that the governing factors affecting the adsorption characteristics of 
all CuO nanostructures were the competition of H+ ions with metal ions for low pH values, 
with a maximum adsorption at a pH of 6.5. The adsorption of Pb (II) ions was found to follow 
a second-order kinetics model, thus assuming that chemical adsorption may be the rate-limiting 
step involving valence forces through sharing or exchange of electrons between the adsorbent 









Nano-sized metal oxides did exhibit excellent adsorption capacities and selectivity for 
heavy metal ions [282]. Moreover, in the case of ion-exchange adsorbents, as a structural 
collapse of the exchanger can occur after the ion exchange has proceeded to a certain fraction, 
heavy metal cations can be trapped inside the formed stable solid and properly discharged with 
no further contamination [283]. The adsorption capacities of metal oxide nanostructures 
reported in the literature are globally higher than clays and activated carbons for similar dose 
and contamination conditions, and although biosorbents may demonstrate higher capacities, 
the recovery of heavy metal by electro-desorption is made possible depending on the difference 
between the electric potentials of the heavy metals and the metal adsorbent. Nevertheless, due 
to poor stability in solution and potential release in waters, the inclusion of nanoparticles into 
one-dimensional materials is considered for applications in effluents. The following section 
reviews the performance of near 1-D metal materials for heavy metal ion recovery. 
 
2.4.3.  Near 1-D metal-based adsorbents 
 
Nano-sized metal oxides have previously been incorporated on large porous polymeric 
supports [284, 285]. This leads to decreased performance in adsorption as the polymeric surface 
groups did not contribute to the adsorption. A metal coating on a polymeric one-dimensional 
porous template led to improved performances compared to the incorporation of particles, yet 
the desorption of metal ions by electro-chemistry using this structure requires further 
investigation. A metal oxide or metal structure shows a great potential for adsorption and 
desorption of heavy metals as all the surface elements will be active and the cohesion between 







The use of metal oxide nanofibers in heavy metal adsorption has not been widely 
reported in the literature so far. Yet, the use of a nanofiber structure offers an improved stability 
in water, while its fabrication allows for a flexibility in the adsorbent design. A texturation of 
the nanofiber surface will further improve the web reactivity by increasing the volume of 
surface defects. Titanate layered nanofibers have been fabricated and tested for adsorption of 
heavy metals [283]. The nanofibers had a structure in which the titanium octahedra joined each 
other to form layers carrying negative electrical charges, with exchangeable sodium cations 
between the layers. The adsorption capacity of barium and strontium cations was found to be 
up to 1.17 mmol/g and 0.63 mmol/g respectively, which are over activated carbon and zeolite 
values [283]. The adsorption mechanism was found to be an ion exchange process on the 
surface of the fibers with a further collapse in the structure, trapping the adsorbed metal cation 
in the fibrous structure [283]. 
The use of a hollow structure could also further enhance the adsorption capacity of the 
metal materials, however detrimental to the mechanical stability. This would be due to the 
improved molecule mass transportation to the active sites thanks to the hollow and meso-
porous structure [287]. The combination of metals in the fibrous structure is also expected to 
enhance the selectivity towards the metal ions to be adsorbed. However, the growth of 
bimetallic crystal structures exhibiting high energy crystal facets at the fiber surface requires 
further work. The following section reviews the possible fabrication routes for dense metal-
based nanofiber scaffolds. 
 








This section will first present the different membrane fabrication techniques developed 
for the design of metal oxide dense nanofibers, and justify the choice to carry this project with 
the electrospinning technique. Different methods of electrospinning and required post-
treatment to reach metal oxide or metal nanofibers will be examined in more details. Finally, 
reduction methods to tune the fiber oxidation degree will be discussed in light of their cost 
efficiency and environmental impact. 
 
2.5.1.  Dense nanofiber fabrication processes 
 
This section reviews dense nanofiber fabrication techniques applicable to reach metal 
oxide nanofibers. These techniques include templating, melt-blowing, bi-component spinning, 
hydrothermal technique, laser mediated technique, force-spinning, and electrospinning. 
2.5.1.1. Templating 
 
For the template mediate growth of nanofibers, the precursor material is adsorbed in 
either gas or liquid phase into the channels of a specific template, followed by either chemical 
or thermal reactions to produce the metal nanofibers [288]. The template is then removed to 
obtain a pack of free standing fibers [288]. A widely used technique to create the desired 
template involves the anodization of a substrate, growing electrically nano-channels on its 
surface of a desired diameter and length [289]. This template can then be filled by molten metal 
or by a metal salt precursor and further annealed to produce metal nanofibers [290, 291]. 
Finally, the template is removed by chemical etching or thermal degradation. One of the 
advantages of this technique is the easy control of the channel diameter with the substrate 







However, only discontinuous nanofibers can be created, as the feasibility of the process is 
limited by the anodization process with the channel length [292]. Further fiber mat pressing 
and sintering is required to create a metal nanofiber membrane. 
For the template assisted fabrication of metal or metal oxide nanofibers, chemical 
vapour deposition, electro-plating and self-assembly of nano-particles are three methods 
involving the deposition of metal onto a nanofiber polymeric or ceramic substrate [293-295]. 
The metal chemical vapour deposition method produces thin layer of metal coating around the 
nanofibers, and is generally employed to exploit the metal thermo-electric properties on the 
fiber surface while cutting down the material cost [296, 297]. Nevertheless, this technique has 
the advantage of producing a coating that is perfectly following the nanofiber substrate 
topography [298]. On the contrary, the control of the coating homogeneity using the electro-
plating method on a porous nanofiber membrane is more challenging as the substrate surface 
is used as an electrode, which can be leading to the clogging of pores [299]. However, the 
electro-plating technique has the advantage to be relatively fast, relying on the rate of 
deposition, mostly depending on the applied current across the plating cell [300]. Concerning 
the self-assembly of nano-particles, this method consists of a layer-by-layer deposition of metal 
nano-particles onto a polymeric or ceramic nanofiber template [295]. This can be achieved by 
alternating adsorption of charged nano-particles and oppositely charged electrolyte, which 
enable the control of the amount of deposited metal nano-particles via the number of layers, 
leading to the control of thickness of layered sheets and the grain size [301, 302]. Grain size 
distribution in these materials tends to be narrow with a maximum size not exceeding 80 nm 
and an average grain size between 20 nm and 35 nm [240]. The use of adjuvants in the plating 
bath such as saccharin to produce nano-crystalline grains often results in carbon and sulphur 







2.5.1.2. Melt blowing 
 
Melt blowing is a widely used process to produce polymeric nonwoven fabrics [304]. 
A polymer melt is extruded through an orifice die and drawn down thanks to a jet of hot air, 
thus forming the fibers which are then deposited on a collector in the form of a web [304, 305]. 
The fibers are then formed by the elongation of the polymer jet coming out of the orifice The 
melt blowing device is designed so that the supplied hot air forms two streams in a V slot shape 
around the extruder [305]. The main precursor characteristic to be melt blown is the viscosity, 
only a viscoelastic material that can support strong deformations while conserving enough 
cohesion to withstand the stresses implied by drawing can be melt-blown [306]. Therefore, 
molten metals cannot be melt blown, but combining a melt blowing process with a sol gel 
process by mixing a polymer precursor charged with metal salt can be achievable. The 
advantage of this technique is the control of the fiber diameter, which will depend on the 
throughput rate, melt precursor temperature and viscosity, and air velocity and temperature 
[307]. 
2.5.1.3. Bi-component spinning 
 
Bi-component spinning is widely used in the non-woven industry and allow the 
production of fibers of a smaller average diameter compared to melt blowing [307]. In this 
process, two polymers are spun through a core sheath spinning die, followed by the removal of 
the sheath to reach dense nano-fibers [308]. The sheath polymer is usually removed by 
dissolution, which implies that the core/sheath polymer couple should be chosen so that they 
do not have the same solvent [307]. The bi-component spinning technique is used at industrial 
scale and has high production rate, however the spinning process and the removal of one 







potentially be combined with a sol-gel process to spin a metal salt in polymer precursor, 
followed by further annealing and reduction to remove the polymer and reduce the oxides to 
reach metal nanofiber mats. 
2.5.1.4. Force-spinning 
 
Force-spinning involves the heating of the fiber forming material in a heated structure 
provided with one or several nozzles, which rotate at high velocity to extrude the molten 
materials [309]. The processing parameters affecting the fiber morphology include the 
rotational speed, temperature of both precursor and spinning structure, and the collection 
system [307]. High production rates can be achieved, and low melting point metals could 
potentially be spun using this technique [309]. As this method has been recently developed, 
further work needs to be done to investigate the potential of metal or metal oxide nanofiber 
production. 
2.5.1.5. Hydrothermal technique 
 
Hydrothermal synthesis was widely applied to produce various materials including 
metal oxide nanofibers as the process energy consumption is low [307]. Using this technique, 
mesoporous metal oxide nanofibers can be produced by hydrothermal reaction between metal 
powder and precursor to create metal oxide nanotubes, followed by a hydrothermal post-
treatment to reach nanofibers [310]. The advantage of this process is that a desired crystal phase 
or pore size can be achieved by adjusting the reaction times. However, it is more challenging 
to tune or control the morphology and diameter of nanofibers [311].  








The laser mediated cutting of metal or metal oxide plates consists of blowing away the 
molten material at the edge of the cut by using a supersonic nozzle with a pressurized inert gas 
jet [312]. The initial drop of molten materials will affect the elongation and therefore fiber 
diameter. A characteristic of this technique is the produced length of the nanofibers, which can 
be of several centimetres [307]. This feature is of interest for an easier handling or processing 
into aligned arrays or 3-D structures. However, using laser demands high temperatures (above 
2000 K) to produce a small initial drop, making the upscaling of the process challenging [312]. 
2.5.1.7. Electrospinning  
 
One advantage of the electrospinning method for the design and synthesis of ceramic 
nanofibers is the versatility regarding the reachable fiber composition and morphology. The 
electrospinning technique also confers a high homogeneity in fiber diameter and web pore size 
distribution [313]. To reach ceramic nanofibers, a subsequent annealing step on composite 
electrospun nanofibers is required. Indeed, this technique requires a polymer template 
conferring suitable visco-electric properties to the electrospinning precursor. The two major 
electrospinning techniques, conventional and needle-less, are presented below. In the final 
section the synthesis of polymer-metal salt sol-gel electrospinning precursors is discussed. 
2.5.1.7.1. Conventional Electrospinning 
 
Conventional electrospinning is a simple and versatile method to create continuous and 
highly homogeneous mats of nanofibers, using an electrostatic force [314]. The schematic of 
this technique is presented in Figure 2.7. Electrospinning consists of elongating a positively 
charged polymer jet towards a grounded or negatively charged fiber collector [315]. In the 







needle linked to a high voltage power supply, which is used as the driving force. When the 
applied tension overcomes the precursor surface tension, a cone at the needle tip is formed, 
typically referred to as the Taylor cone, and the charge repulsion in the precursor induces it to 
stretch into a polymer jet flowing towards the collector [315, 316]. The jet route is determined 
by the electric field and should go straight to the collector in the ideal case. In practice, the 
solvent evaporation implies local disturbances in the charge repartition in the jet, which causes 
bending instabilities and elongates the jet through spiralling loops, reducing the fiber diameter 
[317, 318]. The needle tip – collector distance and the absolute voltage determine the strength 
of the electric field. This process is often chosen as a fabrication route when it comes to 
nanofibers for its high surface area to volume ratio and its homogeneous web pore size and 
fiber diameter distribution, for diameters from tens of nm to several hundreds of nm [316]. 
 
Figure 2.7. Schematic diagram to show the nanofiber production via electrospinning 
(Reproduction license acquired) [318]. 
 
The parameters influencing the spinning process are the chamber hygrometric and 
thermal conditions, the applied tension, the precursor feeding rate, the needle gauge (usually 







which affects the strength of the applied electric field and the solvent evaporation time, and the 
viscoelastic behaviour of the precursor to be spun [319, 320]. Uniaxial arrays of nanofibers can 
easily be obtained by using a rotating collector, or the help of a magnetic field [321, 322]. 
Precursor homogeneity, surface tension, viscosity and conductivity are the key factors 
determining its suitability for the electrospinning process [323]. Therefore, the direct 
electrospinning of metal melts is challenging, but the combination of electrospinning to a sol-
gel process to produce hybrid nanofibers composed of polymer and metal salt has been widely 
reported in the literature [324-326]. This two-step process requires thermal post treatment to 
remove the polymer and reach metal oxide nanofiber mats. 
Hot electrospinning has also been developed to enable the spinning of polymer melts 
[327]. In this process, the precursor is heated in a reservoir before being electro-spun in a 
thermo-regulated chamber [327]. This technique has started to be commercialized and can 
easily be adapted to sol-gel polymer/metal salt precursor to help the homogenisation of the 
blend or the further loading up of metal content as result of an improved solubility at higher 
temperature. 
The advantages of the conventional electrospinning technique are that it is easy to set 
up, and possible to produce versatile fiber morphologies and of highly homogenous and 
continuous nanofibers, advantageous for the integration into other assembly in one step, with 
diameters from micrometres down to less than 30 nm, easily tuneable by adjusting processing 
parameters [316, 328]. The electro-spun nanofiber mats also possess a naturally formed porous 
structure with a pore size range from a few micrometres down to tens of nanometres and a very 
good pore interconnectivity [329]. However, it is very time consuming, thus making its 
application at an industrial scale challenging. Therefore, alternatives such as electrospinning 







2.5.1.7.2. Needleless Electrospinning 
 
In order to upscale the nanofiber productivity using an electric field, the method should 
have minimal dependence on the fluidic channel numbers. Some alternative electrospinning 
methods have attracted attention for their potential for industrial implementation. One example 
of such techniques is the electrospinning using a rotating roller as fiber generator: while 
rotating slowly, the roller is partially immersed in the precursor solution which is loaded up 
onto the roller surface [331]. Then, when the electric potential is applied, several jets are 
generated from the roller surface towards a collector [331]. Working on the same principle, 
another technique of needle-less electrospinning involves a solution reservoir translating 
horizontally along an electrically charged rod, delivering a homogeneous coating using a 
rotating cylinder spinneret, with the thin film on the rod forming a wall of fiber jets towards 
the above collector, as illustrated in Figure 2.8  [332]. This set-up is now commercialized under 
the name Nanospider® by the brand Elmarco [332]. 
 








The spinneret used for electrospinning can also take the shape of a disc, a ring, a ball 
or a conical wire coil [329, 331, 333]. The choice of a spinneret influences the required electric 
field to be applied, the process stability and productivity along with the fiber morphology and 
diameter [329]. The ball spinneret electrospinning set-up has shown to lead to a poorer 
productivity compared to a disk or cylinder spinneret, while producing fibers of a slightly larger 
diameter (350 nm, against 325 nm and 250 nm for a cylinder and disk spinneret, respectively) 
for a polymeric precursor under identical spinning conditions [329].  
Although the obtained flow rates are much higher using needle-less electrospinning 
techniques, this method usually requires higher voltage and also produces fibers of much 
smaller diameters, compared to electrospinning [329]. 
 
2.5.1.7.3. Polymer – metal salt sol-gel electrospinning precursors 
 
Polymer-metal salts systems 
A typical spinnable precursor solution to reach metal oxide nanofibers should contain 
a salt precursor, a polymer and a relatively volatile solvent such as ethanol, water, isopropanol, 
chloroform, and dimethylformamide (DMF) [318, 324, 334, 335]. Polyvinyl alcohol (PVA) is 
one of the most popular polymers employed as a matrix due to its high solubility in water and 
its good compatibility with many salts, including zinc acetate and copper nitrate [336]. In 
addition, other polymers, such as polyvinyl pyrrolidone (PVP), polyvinyl acetate (PVAc), 
polyacrylonitrile (PAN), polymethyl methacrylate (PMMA), and polyacrylic acid (PAA) have 
also been widely used [287, 337, 338]. Several metal salts can be incorporated into the polymer 
precursor, thus leading to metal alloy nanofibers with enhanced properties [339]. 







ceramics, including carbide, boride, nitride, silicide and sulphide [340-342]. For instance, long 
continuous nanofibers of gallium nitride have been synthetized via electrospinning [343]. The 
fabrication route includes the electrospinning of precursor composite nanofibers using gallium 
nitrate, the annealing in air to remove the organic content and obtain gallium oxide nanofibers, 






Table 2.12. Presentation of typical precursor compositions with obtained ceramic fiber 
diameters [313, 325, 326, 343-346] 
Metal Salt Polymer Solvent Fiber diameter after annealing (nm) 
Fe, Co, Ni Nitrate PVA Water 100-150 
Fe Acetylacetonate PVP Ethanol, Acetic acid 500-800 
Cu Acetate PVA Water, acetic acid 150-300 
Ti Isopropoxide PVP Ethanol, Acetic acid 250-500 
Fe, Co Nitrate PVB Water, isopropanol 180-230 
Cu Nitrate PVB Water, isopropanol 240-290 
Pt Hexachloroplatinic acid hydrate PVP Water, ethanol 30-50 
Ni Nitrate PVA Water 190-210 









Table 2.12 presents some typical precursor compositions used for the fabrication of 
ceramic nanofibers. The precursor solution is usually prepared by dissolution of the metal salt 
and polymer into a common solvent followed by a few hour stirring for homogenization [344]. 
The selection of metal salt has been shown to influence the oxidation degree of the fiber mat 
after annealing [287]. The polymer concentration and metal salt content have a direct impact 
on the precursor rheology and therefore its ability to be electro-spun, in terms of solution 
surface tension, conductivity and viscosity. It has previously been observed that an increase in 
the metal salt content, notably over the solubility limit, led to a change in the fiber morphology 
with the loss of surface smoothness and diameter regularity, but also generated a much denser 
percolation network [347].  
 Sol-gel chemistry 
In order to achieve a homogeneous structure with a well distributed electric charge for 
electrospinning, sol-gel process has been considered to form a complex of metal ions embedded 
in polymer chains, thus favouring the alignment of the macromolecular chains as well as 
containing metal elements. The use of the sol-gel process to produce ceramic nanofibers has 
been widely reported in the literature [325, 348-351]. 
The solution-gelation process consists of the creation of an oxide macromolecular 
network resulting from the hydrolysis (solution) and condensation (gelation) of molecular 
precursors [352]. It is of particular interest for electrospinning, as the colloidal state for 
organic/metal in a “sol” or partially “wet gel” will ultimately reduce the jet instabilities induced 
by the free movements of metal ions, for controlled and uniform precursor viscosity [349, 353]. 







respectively, depending on the metal salt used. The synthesis of hydrogel is a green fabrication 
route, however viscosity from the colloidal formation was found more or less difficult to 
control depending on the type of salt used, either nitrate or acetate. The sol-gel was hence 
prepared in organic medium for nitrate salts and metallate ions, for an easier control of the 
granulometry, due to the controlled proportion of available hydrogen for hydrogen bonding 
[345, 354]. 
The sol state is defined as a stable colloidal particle dispersion, achieved by hydrolysis 
following Equation (2.16) [352, 355]: 
𝑀 − (𝑂𝑅)𝑛 + 𝐻2𝑂 → (𝑂𝑅)𝑛−1 −𝑀 − 𝑂𝐻 + 𝑅 − 𝑂𝐻 , (2.16) 
Then the gelation consists of condensing and polymerising the colloidal particles to 
form a 3D network, creating a dual phase system in which water or organic solvent molecules 
are trapped in a solid structure, following Equation (2.17) [352, 355]: 
 (𝑂𝑅)𝑛−1 −𝑀 − 𝑂𝐻 + 𝑂𝐻 −𝑀 − (𝑂𝑅)𝑛−1  
→ (𝑂𝑅)𝑛−1 −𝑀 − 𝑂 −𝑀
′ − (𝑂𝑅)𝑛−1 + 𝐻2𝑂 , (2.17) 
One key consideration for the formation of a metal-organic sol-gel was found to be the 
solution pH. Indeed, several metal salts considered are hydrolytically unstable, precipitating in 
oxide or hydroxide form depending on the pH in an aqueous solution, as illustrated by 










These precipitate formation reactions when a base is added to the aqueous solution stem 







compared to free water molecules, as a result from the attraction of electric charges between 
the oxygen and the metal atoms, initiating a charge transfer [352, 355]. 
In order to obtain a metal-polymer condensation reaction with cleavage of water 
molecules, the metal complex shall present a hydroxyl termination group, as shown in the 
middle in Equation (2.18) [355]. A simple way to increase the pH if required to enable the 
presence of metal as an M-OH specie, is to add a salt to the solution to deprotonate the water 
molecules. However, the addition of non-required salt in the electrospinning precursor is here 
not preferred as a further increase in charge density would lead to jet instabilities. Instead, 
temperature was increased to promote the dissociation of protons from hydrated metal ions and 
the solution was left to age [355]. In the case of condensation with PVA, high temperature is 
already required for the polymer aqueous dissolution [325]. However to stabilize the 
PVA/metal acetate system, acetic acid was added to the sol. Acetic acid is commonly added in 
sol-gels as an acid catalyst to reduce the gel time, but could be used as a decoy to avoid the 
hydrolysis of PVA chains and limit the chelation of metal ions into a viscous solid 3D network 
[325, 350, 352]. Also, the presence of acetic acid prevents the formation of cupric carbonate 
compounds. 
All sol-gel electrospinning, including for metal salts such as Copper (II) and Nickel (II) 
acetates respectively with monohydrate and tetrahydrate, could be performed at ambient 
temperature. Mononuclear species with a hydration degree below or equal to 4 are stable in 
dilute solutions [352, 355]. However, for precursor with a high metal loading, condensation 
reactions result in the formation of polynuclear species, such as type M-O-M, which precipitate 
and disturb the local charge distribution within the precursor [355]. Those precursors are hence 
ready for electrospinning for a set duration resulting from the temperature decrease and absence 







could be performed at higher temperatures using a thermo-jacketed syringe to ensure 
temperature homogeneity. Even though the absence of agitation leads to the formation of 
microcrystals, the kinetics of nucleation would be slowed. The higher temperature of the 
precursor would enhance its fluidity, thus requiring an adjustment of the electrospinning 
parameters or an increase of the initial polymer content. However, the surface disturbances 
could potentially be induced by local temperature changes in the jet travel zone, and the relative 
long-life span of precursor homogeneity of several hours at ambient temperature made that 
heated electrospinning for sol-gel precursors was not investigated further. In sol-gel chemistry, 
metallate ions were reported to form gels when the solution is acidified [352]. Thus, the titanate 
precursor was prepared in a mixed solution of ethanol and acetic acid, with a PVP organic 
block, for polymer/solvent correspondence.  
In the case of PVA-based precursors, the metal-hydroxyl groups are formed when the 
alkoxide is added into water, via hydrolisis of metal-acetate or metal-nitrate groups. The 
alkoxides here considered are relatively strong Lewis acids, hence susceptible to covalent 
bonding to a hydroxy base [358, 359]. It has been reported in the literature that the hydrolisis 
rates increased from the nucleophilic attacks at the metal, that is the bonding of an electron rich 
species to the positive metal ion to replace a leaving group, that are promoted by the easier 
formation of higher coordinated species [352, 355]. Nucleophilic attacks are also advocated as 
the mechanisms for the condensation reaction of metal alkoxides, that is when a formed M-OH 
group is bound to another metal atom via nucleophilic attack to form a M-O-M group [352, 
355].  
However, the addition of organic groups such as polymer chains will affect the 







on the hydrogen bonding occurrence, and also acts as linkers to prevent the formation of a M-
O-M sol-gel for a R-O-M-O-R type structure [355]. 
The fabrication of PVA-metal nitrate precursors, namely copper (II) and iron (III) 
nitrates, respectively, tri- and nonahydrate has been investigated but not further pursued due to 
the aging of the sol-gel. Indeed, viscosity variations and chronic lump formation was observed 
after the first gelation reaction. These non-homogeneities are possibly due to the shifting of 
equilibrium from local pH variations and local condensation reactions between neighbor metal 
species, causing contraction of the network and thus partial solidification via expulsion of the 
trapped water molecules, combined to the cleavage of water molecule from the condensation 
[355]. However, metal nitrates showed affinities with PAN, in the fabrication of carbon-
inorganic composite nanofibers, and were then only used with this polymer/salt system. 
2.5.1.8. Comparison of nanofiber fabrication techniques 
 
Several techniques to directly produce metal or metal oxide nanofibers as well as 
composite polymer – metal salt nanofibers have been reported. The composite nanofiber 
production involves a second step, thermal reduction to allow the removal of polymers and the 
formation of metal / metal oxide grains. A comparison between the different techniques is 
presented in Table 2.13.  




Morphology Advantages Drawbacks 
Templating >10 nm Short nanofibers, smooth 
surface and regular 
diameter 
Easy control of fiber 
diameter by changing 
templates 
Expensive use of templates, free 
standing fibers and inability to 
produce continuous nanofibers 
Melt Blowing 400 nm-10 
µm 
Continuous nanofibers, 
rough fiber surface 









>100 nm Continuous nanofibers, 
rough fiber surface 
High production rate Precursor limitations 
Force spinning * Continuous nanofibers Free from solvent and 
high voltage 
Requires high temperatures 
Hydrothermal 
technique 




<50 nm Continuous nanofibers, 
highly homogeneous 
fiber diameter 
















High production rate, 
versatile morphologies 
Requires a higher voltage than 
conventional electrospinning for a 
lower fiber homogeneity 
 
The electrospinning process, although requiring a post-treatment step, has been chosen 
as it offers the possibility to easily tune the fiber diameter and membrane pore size, and 
produces membranes of high porosity and excellent pore interconnectivity with versatile 
morphologies. Its main asset is the creation of highly porous nanofibers induced by the polymer 
removal in thermal treatment. The chosen fabrication route is schematized in Figure 2.9. 
 
Figure 2.9. Schematic of the fabrication route of ceramic nanofibers (Reproduction 








2.5.2.  Post treatments and reduction methods 
 
In this section, the conversion of composite into ceramic nanofibers is firstly reviewed, 
with the investigations carried on the induced change in the microstructure during the annealing 
process. Then in a second part, different reduction methods from metal oxide to metal will be 
presented. 
2.5.2.1. Annealing of polymer-metal salt composite nanofibers  
 
2.5.2.1.1. Introduction 
During the annealing process, all the organic content is removed and metal oxide grains 
are formed to reach porous ceramic nanofibers. While the impact of annealing parameters on 
the microstructure has been reported in the literature, further investigations are needed for 
nanofibers [360, 361]. In general, the increase of the temperature leads to the formation of 
bigger size grains, and a change in their crystalline phase [362]. An important factor for a 
successful annealing is the control of the shrinkage of the fiber mat, induced by the polymer 
degradation and crystallisation of the metal grains [363]. An elevated heating rate (from 
5°C/min) means an increased fiber shrinkage and can lead to collapses along the fibers and 
thus create a discontinuous nanofiber mat, as the organic matter is quickly degraded without 
the percolation network formed being strong enough to preserve the long fibrous structure 
[345].  
One mechanism of the polymer charged with dispersed metal salt precursor annealing 
is that the polymer reactive centres promote the metal nucleation and aggregation, after which 







containing precursor and the interactions of nanoparticles with the polymer matrix have not 
been sufficiently studied [365]. 
The Kirkendall effect can also enhance the porosity of the metal oxide nanofibers. 
Indeed, it has been demonstrated that at elevated temperatures the difference between the 
diffusion rates of copper and zinc in brass led to the formation of pores in the species [366]. 
The controlled oxidation under dioxygen atmosphere of a series of monodisperse iron 
nanoparticles into hollow iron oxide nanoparticles has previously been investigated using the 
nanoscale Kirkendall effect [367]. It was found that reaction temperature and oxidation time 
allowed for precise tuning of the thickness of the oxide shell [367].  
2.5.2.1.2. Analysis of the fiber grain structure and morphology 
 
The crystallite size D can be analysed using X-ray diffraction and calculated with the 
Scherrer relation, expressed below by Equation (2.19) [368].  
𝐷 =  
𝑘𝜆
𝛽𝑐𝑜𝑠𝜃
  (2.19) 
where k is the Scherrer constant (around 0.9), λ is the X-ray wavelength, θ is the Bragg 
angle of a given reflection, and β corresponds to the full width at half maximum of the peak 
(FWHM). 
The lattice parameters a and c help determine the crystal orientation and can be 
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where h, k, l are the Miller indices and d the interplanar spacing. The lattice constants 
a and c can be easily calculated by taking an average of all the observed XRD diffraction peaks 
[339]. 





    (2.22) 
It has been demonstrated that nano-crystalline metals exhibit highly strain-rate sensitive 
mechanical response under different loading conditions, and particularly that an increase in the 
loading rate generally led to an increase in the tensile strength [240]. A study on Al-Fe alloys 
nanostructures comprising of micro-crystallites with high angle boundaries and nano-
crystalline sub-grains found that the flow stress was higher for the strain rate of 1.1 ×103s-1 
than for a strain rate of 103s-1, although the elastic limit and tensile strain to failure were not 
affected by the strain rate. While the high angle boundaries enhanced the material ductility, the 
smaller grain size provided a higher strength [371].  
 
 The texture coefficient TC can be determined from diffractograms from each diffraction 
peak from Equation (2.23). The texture coefficient gives quantitative information concerning 
the preferential crystallite orientation after different crystallographic directions as a function of 
preparation conditions or action of external factors [372, 373]. 
𝑇𝐶 (ℎ 𝑘 𝑙) =  
𝐼(ℎ 𝑘 𝑙) 𝐼0(ℎ 𝑘 𝑙)⁄
𝑁−1∑ 𝐼(ℎ 𝑘 𝑙) 𝐼0(ℎ 𝑘 𝑙)⁄𝑛








where I (h k l) corresponds to the measured intensity of the peak, I0(h k l) is the standard 
intensity of the respective peak, N represents the reflection number taken into account. A 
sample with randomly oriented crystallites has TC (h k l) = 1. The larger the texture coefficient 
deviation from unity, the higher the abundance of crystallites oriented at (h k l) direction is 
[372]. 
The change in the fiber grain structure with the temperature has been investigated for 
nickel oxide/tin oxide electro-spun nanofibers [339]. It was found that the metal ions can be 
segregated at the interface and the microstrain developed in the nanofibers increases as the 
particle size decreases. Results showed that most nanofibers with low nickel content were long, 
uniform, and continuous without any branch structures. However, the increase of nickel content 
led to modification in the fiber surface and a porous hollow structure was formed among the 
interconnected nanoparticles [339].  
Nano-crystalline metals are metals with grain size no greater than 100 nm. Ultrafine 
crystalline metals will imply an average grain size between 100 nm and 1 μm, whereas 
microcrystalline metals would have a grain size larger than 1 μm. It is important to notice that 
the properties and the mechanism of deformation of nano-crystalline metals depend on the 
average grain size, and are strongly influenced by the grain size distribution and the grain 
boundary structure, with for instance low-angle grain boundaries versus high-angle grain 
boundaries [240]. Furthermore, nanovoids, ultra-small pores within the size range of tens of 
nanometres, can have a significant influence on the mechanical properties of the membrane 
[240]. The computation and simulation of the compression/dilatation of a crystalline structure 
has been widely studied, notably for grain boundaries. However, such calculations of the 
variation of the internal stress, pressure and the free volume in grain boundaries based on a 







synthetized sample contains small amount of free volume of size between a single vacancy and 
a perfect crystal. Therefore, computational models are not always accurately representative of 
the experiments [240]. 
One method used to assess the structural defects and quality of the crystalline structure 
is by using the fluorescence technique. However, further work needs to be done to characterize 
the induced crystallographic changes with the temperature or heating rate of the annealing 
process, in order to be able to reach a desired crystal phase that will offer higher reactivity for 
enhanced performance of the nanofiber mats, as for instance, to be used as membrane electro-
chemical reactors. 
2.5.2.2. Metal oxide to metal reduction methods 
 
This section reviews the different techniques that have been developed to reduce metal 
oxide, metal sulphide and metal nitrate nanofibers to metal. These techniques include the 
reduction under hydrogen atmosphere, the reduction by solid carbon or aluminium, the 
microbial reduction and the electrochemical reduction.  
 
2.5.2.2.1. Reducing gases 
 
Metal oxide to metal reduction by thermal treatment under a reductive atmosphere is 
commonly used in the fabrication of metal nanofibers [313, 344, 347]. Usually the reductive 
atmosphere is composed of a mix of dihydrogen (up to 15%) in an inert gas such as nitrogen 
or argon [313, 347]. The use of other reducing gases or gas mixtures such as carbon monoxide, 







In this regard the use of a hydrogen atmosphere is more eco-friendly, as hydrogen can be 
synthetized by water electrolysis [375]. 
Hydrogen H2 
Hydrogen is the most reductive gas among the others due to its higher reactivity. The 
hydrogen reduction process can remove hydrogen and oxygen to yield high purity metal nano-
structures, over 99%, with an amount of impurities ranging between 40-60 ppm when 
appropriate pure oxides were used [375, 376]. To reduce metal oxides, dihydrogen molecules 
get adsorbed as protons on the nanofiber surface and are desorbed as water vapour, and interact 
again with the surface as hydroxyl ions, following Equations (2.24, 2.25) [377, 378].  
𝐻2 +  𝑀 − 𝑂
−  ⇌  𝐻2𝑂 +𝑀 + 𝑒
−  (2.24) 
2𝐻2 + 𝑀 − 𝑂2 
− ⇌ 2𝐻2𝑂 +𝑀 + 𝑒
− (2.25) 
This process increases the concentration of electron in the fiber mat, due to the 
adsorption of protons on the surface [379]. This reduction process requires relatively low 
temperatures, and above 300 ⁰ C, hydrogen and water vapour can be evolved completely [380].  
Other than an increased temperature, appropriate catalysts such as surface additives can 
also be introduced in the reactor to further improve the reaction kinetics [381, 382]. Two main 
kinetic models have been developed for the reduction of oxides, the nucleation model and the 
interface-controlled model [383, 384]. The measure of water formation gives an indication of 
the extent of the metal conversion reaction, and a study has been carried out in the case of 
nickel oxide using this technique. The reduction occurs at the interface between nickel oxide 
and previously reduced nickel, accelerated by an autocatalytic effect, altogether with a 
nucleation (induction) period depending on the nature, morphology of the sample and 
temperature [385]. It also has been observed that added water reduces the reduction rate and 







Another study on the topic explained the induction process as a generation of nickel 
atoms on the outer surface of the nickel oxide grains [386]. After nucleation, clusters of nickel 
grow two-dimensionally across the surface until they overlap, then hydrogen will rapidly 
dissociate on nickel and the interface would proceed quickly into the grain [386].  
To help the comprehension of the reduction process, a two-step kinetic model has been 
developed.  It is assumed that in the first step, the reaction between nickel oxide and hydrogen 
atoms adsorbed on the nickel oxide surface predominates in the first part of the reduction and 
is proportional to the square root of the hydrogen pressure [387]. The second step of the 
reduction is the reaction at the metal-oxide interface between nickel oxide and hydrogen atoms 
adsorbed on the previously reduced nickel oxide [387]. 
Morphological properties have been shown to be as important as the sample topography 
in metal oxide reduction [383, 388]. Indeed, studies showed that reduction rate constants were 
inversely proportional to grain size above a diameter of about 10 μm [388]. That dependence 
is taken into account in the shrinking core model [389]. However, further work is ongoing to 
determine the reduction mechanism for metal oxide structures at the nano scale, in order to be 
able to tune the obtained microstructure.  
 
Hydrogen sulphide H2S 
Hydrogen sulphide vapours react strongly with the metal oxide surface and can form 
elemental sulphur (sulphurisation) depending on the atmosphere concentration of oxygen. The 
adsorption of oxygen on the metal oxide surface promotes the response of hydrogen sulphide 
vapours, following Equation (2.26) according to X ray photo-spectroscopy studies [390]. 
2𝐻2𝑆 + 3𝑀 − 𝑂2 








Equation (2.26) explains the strong reduction behaviour that happens in dense oxygen 
atmosphere along with the by-product of sulphur dioxide and water vapour [391]. However, at 
lower partial pressure of oxygen, experimental studies have been carried out to show the direct 
reaction of hydrogen sulphide with the lattice of oxygen, leaving the oxygen electron vacancies 
on the metal surface, thus reacting with the sulphide ions and forming metal sulphide [392]. 
Therefore, this reduction method is rarely applied to metal oxide structures. 
Carbon monoxide CO 
Carbon monoxide gets oxidised with chemisorbed oxygen on the metal oxide 
nanofibers surface to form carbon dioxide [393, 394]. The impact of atmosphere humidity on 
the metal oxide response to carbon monoxide has been investigated and it has been shown that 
in wet atmosphere, metal oxide does not respond to lower concentration of carbon monoxide 
like in dry atmosphere. In this case, the interaction between carbon monoxide and the metal 
oxide surface leads to the formation of formate ions (HCO2), which are an intermediate product 
during the oxidation of carbon monoxide, illustrated by Equations (2.27, 2.28) [377, 393]. 
𝐶𝑂 + 𝐻2𝑂 → 𝐶𝑂2 + 𝐻2                              (2.27) 
𝐶𝑂 +𝑀 − 𝑂𝐻−  ⇌ 𝑀 −𝐻𝐶𝑂2
−  ⇌  𝑀 − 𝐻+ + 𝐶𝑂2 + 2𝑒
− (2.28) 
However, for an adequate concentration ratio between carbon monoxide and metal 
oxide nanofibers, it has been observed that an increase in atmosphere humidity led to an 
increase in the formation of formate groups on the metal surface [393].  
Ammonia NH3 
Ammonia possesses a lone pair of electrons acting as an electron donor when reacted 
with the oxygen on metal oxide surface by reverting the trapped electrons [395]. A reaction 







2𝑁𝐻3 + 3𝑀 − 𝑂
−  →  𝑁2 + 3 𝐻2𝑂 + 3𝑒
−  (2.29) 
However, ammonia gas reduction is rarely applied to the reduction of metal oxide 
nanostructures, and this reducing agent shows a better efficiency in its liquid phase [397]. 
Nevertheless, ammonia reduction is widely used for molecules like nitric acid reduction [396, 
398].  
2.5.2.2.2. Pyro-mechanical reductions  
 
Low reactivity metals such as zinc, iron, nickel, tin, copper and lead can be reduced 
from their oxides in a furnace by carbon, present under the form of coal. This easy method is 
also used to directly extract the metals from their ores. The reduction of metal oxide happens 
by mixing and heating the coal with the oxide to displace the metal, as shown in Equation 
(2.30) in the case of zinc oxide [375]. 
𝑍𝑛𝑂 + 𝐶 → 𝑍𝑛 + 𝐶𝑂 (2.30) 
 Depending on the type of oxide, carbon dioxide or carbon monoxide are released by the 
reaction, thus making this reduction method not adapted in regard to toxicity and greenhouse 
effects [375]. 
Aluminium is an element more reactive than carbon, and can be used to reduce higher 
reactive metals such as chromium or manganese from their oxide forms [399]. When a mix of 
aluminium powder and metal oxide is heated, aluminium attracts the oxygen from the metal 
oxide to form alumina, as shown by Equation (2.31), in the case of manganese dioxide.  
3 𝑀𝑛𝑂2 + 4𝐴𝑙 → 3𝑀𝑛 + 2𝐴𝑙2𝑂3 (2.31) 







This reduction is called a thermite reaction [400]. A thermite reaction is a term used to 
describe exothermic reactions for the reduction of metal oxides with aluminium to form 
aluminium oxide and metal or alloys following Equation (2.32) [401]. As it reacts at an 
elevated temperature, the metal /metal oxide to be reduced has to be carefully chosen for the 
temperature reaction should not go above their melting point to preserve the nanofiber 
structure.  
2.5.2.2.3. Electrochemical reduction 
 
Metal oxide reduction induced by electrochemical reactions is a simple and relatively 
fast route compared to conventional approaches to reach metal nanostructures [402]. It is of 
particular interest for reactive metals such as titanium that are difficult to prepare in pure form 
without expensive or complicated procedures [293, 402]. The electrochemical deoxygenation 
in molten calcium chloride for titanium nanostructures has attracted a lot of attentions [403-
405]. Two concepts have been advanced to explain the reduction mechanism and are presented 
by Equations (2.33, 2.34) for the calcium deposition at a more cathodic potential and by 
Equation (2.35) for the oxygen ionization at a less cathodic potential. One approach is to 
consider that when calcium is deposited on the titanium foil cathode, it reacts with the oxygen 
in the foil to form calcium oxide, soluble in molten calcium chloride [406]. However, an 
alternative approach relies on that the oxygen ionization does occur at a less negative potential 
than calcium deposition, meaning that reduction of titanium oxides can directly be achieved 
electrochemically [407, 408]. 
𝐶𝑎2+ + 2𝑒−  ⇌ 𝐶𝑎        (2.33) 
𝑇𝑖𝑂𝑥 + 𝑥𝐶𝑎 ⇌ 𝑇𝑖 + 𝑥𝐶𝑎𝑂  (2.34)  
𝑇𝑖𝑂𝑥 + 2𝑥𝑒







Cyclic voltametric and phase diagrams studies have been carried out to explain the 
process and determine the appropriate cathode potentials to ionize the oxygen form titanium 
oxide and form calcium oxide [402, 403]. Early results showed that the removal of a small 
amount of oxygen from the titanium oxide structure results in the formation of Magnelli phases 
(TiO2-x), which are highly conducting, reducing the process duration - up to a few hours - even 
though titanium is known for being an insulator [405]. Beyond the rapidity and simplicity of 
the process, one limitation is the right choice of metal oxide to be reduced in calcium chloride, 
in regard to the molten metal temperature. The efficiency is highly depending on the applied 
potential, however the homogeneity of this reduction process has yet to be investigated to be 
applied to a nanofiber network structure. Furthermore, the electro-reduction technique is 
limited by the oxygen diffusion into the metal solid phases. Then, hydrogen levels in the 
resulting structure can be substantial and form hydrogen filled nano-bubbles in the 
microstructure [240]. 
2.5.2.3. Comparison of metal oxide reduction methods 
 
In conclusion, the gas-solid reduction type has been preferred over the solid-solid 
reductions for the lower temperatures of reaction and/or the accelerated reaction times, due to 
the better contact between gas and solid compared to solid-solid reactions [375]. Added to the 
higher productivity, relative eco-friendly process, reduction homogeneity, hydrogen 
atmosphere reduction also enables the control of the properties of the produced metal 
nanofibers by using surface active addition agents or by controlling the reactor conditions 
[302]. Several studies have been dedicated to the kinetics of hydrogen reduction and the 
reaction mechanism. However, further work needs to be done to adapt those findings to 







mats with a reproducible microstructure, and offer the possibility to tune this microstructure to 
enhance the fiber properties and therefore its performance [375].  
 
2.5.3.  Selection of metal-based nanofiber fabrication route 
 
The chosen fabrication process to synthetize metal- metal oxide nanofibers includes 
two steps: electrospinning of a polymer/metal salts sol-gel precursor, followed by a thermal 
treatment to remove the organic binder and form metal oxide grains, as well as reducing the 
fiber surface metal oxide. This fabrication route enables the production of a mat of nanofibers 
with a controlled fiber diameter, homogeneous morphology and excellent interconnectivity, as 
well as being easy to implement, relatively easy to up-scale with multi nozzle or needleless 
electrospinning processes [285, 287]. This fabrication route also allows the tune of the 
microstructure for enhanced properties. For instance, the metal/metal oxide crystal size and 
shape are determinant for the nano-crystalline structure and performance. By controlling the 
electrospinning and heat treatment parameters, it is possible to fabricate composite fibers of 
100 nm –300 nm diameter which upon sintering, yield metal nanofibers of 30 nm –100 nm in 
average diameter. The sol-gel electrospinning with heat treatment enables the reduction of fiber 
diameter and thus the refinement of the grain size within the nanofiber to a predetermined 
range. Such precise control is not possible with other ceramic nanostructure fabrication 
techniques. This can explain why this fabrication route has been widely used for the fabrication 
of ceramic nanofibers, however multi-metal nanofibers have been rarely reported in the 
literature [287, 288]. One of the challenges implied with this fabrication route is the 
comprehension of how the thermal treatment parameters such as heating rate and temperature 







to reach high valence metal crystals or a reduced microstrain and to fabricate nanofibers with 
high mechanical strength and highly reactive surfaces.  
 
2.6. Conclusions and Research Questions 
 
 
The potential of metal nanofiber scaffolds in adsorption technologies and other surface-
reactivity exploiting technologies could revolutionize our everyday life and further protect the 
environment from the human footprint. Required properties for a heavy metal ion adsorbent 
include an excellent chemical affinity towards heavy metal ions, high surface energy and 
contact surface area, fast adsorption kinetics and porous structure, and a relatively low material 
fabrication and regeneration cost. Metal nanoparticles have shown high adsorption capacities 
and selectivity towards heavy metal ions, and their recovery is made easy by electro-chemical 
processes. However, their potential release in waters and their agglomeration in solution 
induced by interactions at the nano-scale prevent their use in the purification of industrial 
wastewaters. Therefore, near 1-D metal nanostructures have been investigated for an enhanced 
stability and among them, the use of metal nanofiber scaffolds is promising for the recovery of 
heavy metal ions for their high porosity, flexibility in design, and enhanced contact surface 
area. Furthermore, the combination of several metals within the fibers can be expected to lead 
to a further textured surface topography with a dual grain size distribution, and could give better 
chemical affinity compared to single metals.  
In order to develop metal-metal oxide nanofibers offering high performance in heavy 
metal ion recovery and stability in aqueous medium, a systematic investigation of the following 







1. How can the fiber pore characteristics, surface texture and shown crystal planes be 
tuned to promote heavy metal ion diffusion and capture? 
The produced nanofiber adsorbents were tested in both industrial effluents and model 
solutions of heavy metal ions. Their adsorption behaviour was monitored and analysed using 
kinetic models to suggest the adsorption reactions taking place in order to establish a synergy 
between the delivered adsorption performance and fiber morphology, composition and 
microstructure. 
 
2. To what extent can the fiber metal atom local coordination be modified to enhance the 
selective chemisorption of heavy metal ions? 
The microstructure of synthetized single and bimetal/metal oxide nanofibers was 
characterized at the atom level using Synchrotron techniques to enable the study of heavy metal 
ion chemisorption and modification of the metal-based fiber surface crystals. 
 
3. How can the electron vacancies at the surface of metal-based nanofiber scaffolds be 
efficiently regenerated to recycle the metal ion adsorbent? 
The heavy metal recovery and adsorbent recyclability are essential to establish the 
adsorbent profile and determine its applicability to an industrial scale. Metal ion desorption has 
so far not been well reported in the literature and more work needs to be done to ensure the 







Chapter 3. Materials and methods 
 
In this Chapter, the starting materials as well as the fabrication route to achieve metal-
based nanofiber webs are described and the justification of their use presented. Then, the 
methods employed to characterize the nanofiber web at each stage of the fabrication route and 
in order to correlate the performance to the fiber properties are detailed. In addition, the 
experimental protocols followed for the performance testing of metal-based nanofiber 
adsorbents and membrane reactors are presented and justified. 
 
3.1. Fabrication of metal-based nanofiber scaffolds 
 
A polymer-metal salt precursor was first electrospun to reach a nanofiber web of 
organic/metal composite nanofibers. The electrospinning step was subsequently followed by a 
thermal procedure to remove the polymer template and initiate the metal nucleation and grain 
coalescence. A reductive thermal procedure was also applied to reduce the metal oxide surface. 
The sections below detail each step of the fabrication route. 
3.1.1. Materials  
 
Poly(vinyl alcohol) PVA  (Mw 1,300,000) and Poly(acrylonitrile) PAN (Mw 150,000) 
were used as polymer templates in the preparation of electro-spinning precursors. Copper (II) 
acetate monohydrate, Copper (II) nitrate trihydrate, Nickel (II) acetate tetrahydrate were the 
metal salts used in this study. Finally, glacial acetic acid 99 wt %, deionized water, N-N 







stabilizers used for precursor synthetization. All chemicals were purchased from Sigma Aldrich 
(Milwaukee, WI, USA) and used as received. PVA/metal acetate couples were chosen for their 
compatible chemistry, with the crosslinking of PVA chains by metal atoms, forming a sol-gel, 
highly homogeneous and with improved conductivity properties than a polymer precursor 
loaded with free metal ions [325]. As both PVA and metal salts are water-soluble, this system 
enhances metal loading [347]. Moreover, the PVA/metal acetate precursor synthesis can be 
easily adapted with any other single or combination of metal acetates, with regard to the metal 
salt solubility [347].  PAN/metal nitrate couples were chosen for the fabrication of flexible 
carbon-metal composite nanofibers, in order to compare their performance with metal-metal 
oxide nanofibers in water remediation [323]. PAN based nanofiber performance will be 
presented in Appendix 2. 
3.1.2. Preparation of the sol-gel precursor 
 
Table 3.1 shows the different polymer / metal salt couples compositions and 
concentrations used in this project. Two procedures were followed for the PVA – metal acetate 
precursors. In the first procedure, two aqueous solutions were prepared with the dissolution of 
the polymer in water and magnetic stirring for 3 h at 95 °C (the glass transition temperature of 
PVA is 80 °C), and in a second glassware the dissolution of the metal salt in water and acetic 
acid at room temperature, under magnetic stirring for 1h. The metal salt solution was then 
heated up to 70 °C and the PVA solution was slowly added to the metal salt-containing solution, 
and stirred for at least 6 h to form the gel and ensure high homogeneity suitable for electro-
spinning. A 1 wt% of Pluronic F-127 surfactant could also be added to increase the viscosity 
of the precursor. Acetic acid was here used as a stabilizer to avoid the chelation of the PVA 
chains [350]. This method has been widely reported [347, 350]. In order to increase the metal 







acetic acid was prepared and stirred for 1 h at 85°C. The polymer was then slowly added in its 
chip form and was dissolved and homogenized by stirring for 24h. Although this method allows 
for a higher metal loading, it generated instabilities during the electro-spinning step due to a 
reduced solution homogeneity. 
The bi-metallic PVA-based precursors were prepared by following the first described 
method. The dissolution of the metal salts in two different glassware and blending in the 
polymer-containing vial has also been investigated but was found to lead to the same results.  
In the preparation of PAN based precursor, PAN was first dissolved in a solution of 
DMF at ambient temperature for and under magnetic stirring for a minimum of 4 h. Then, the 
selected metal salt was slowly added and the precursor further homogenized for at least 6 h. 
 
Table 3.1. Table recapitulating the used concentration of the different precursor 
components [313, 345, 347]. 
Precursor 
Components and concentration in Wt% 








PVA-Ni acetate 16 Acetic Acid 




PAN-Ag nitrate 7 5 
DMF 
 
PAN-Cu nitrate 7 6.5  













3.1.3. Conventional electrospinning of nanofibers 
 
The platforms used for the conventional electrospinning are pictured in Figure 3.1 and 
Figure 3.2.  In the set up shown in Figure 3.1, a KD Scientific dual syringe pump system was 
used to deliver the precursor to either a 3 or 5 mL Terumo syringe with a stainless steel blunt 
needle connected to a high voltage power supply provided by a Gamma High Voltage Research 
HV power supply. The needle was positioned horizontally on a clamp, with a flat aluminium 
foil placed in front of the needle tip to act as a fiber collector. Typically, only one syringe was 
pushed in a conventional electro-spinning process, as the dual syringe system lead to further 
instabilities during the spinning resulting in highly beaded nanofibers. The spinning was made 
at ambient temperature (20-23°C) and hygrometry (50-70%).  A lamp and heating gun were 
trialled for accelerated solvent evaporation, thus enabling a shorter needle tip-collector distance 
for a stronger electric field at a same applied voltage. A higher proportion in beads and droplets 
was observed as the result of the accelerated local reorganization in the presence of metal 
atoms. The heating gun was also used to increase the temperature of the syringe and the jet, in 
order to maintain the higher level of solubility of copper acetate, present in a free volume in a 
highly loaded precursor. Again, the obtained web presented a high level of droplets and fiber 
were found discontinuous after annealing. No further trial has been conducted with a lamp or 
heating gun. As a collector, alternatives to aluminium foil were trialled, namely cellulose 
acetate and carbon mesh. In the case of cellulose acetate, the composite fiber web was found 
harder to peel off, and no improvement on the spinning was observed. In the case of the carbon 
mesh, the spinning was found to be impeded in both a full collector or partial collector stuck 
on aluminium foil configuration. Aluminium foil was thus kept for further experiments. All 







18G, 21G, and 23G corresponding to an orifice diameter of 1.2 mm, 0.8 mm, and 0.6 mm 
respectively. 
Fiber alignment was investigated by electro-spinning on a flat sheet aluminium 
collector with a rectangular hole in the centre. The optimized rectangular hole dimensions were 
11 cm by 1.3 cm. The introduction of a super magnet behind the collector in the axis of the 
needle at different distances from the collector, was also trialled but found unsuccessful.  A 


















Table 3.2. Applied electrospinning parameters on the home-built platform with typical 
values in brackets. 
Precursor 
Electrospinning parameters 
Absolute voltage (kV) Needle gauge (G) 
Needle-tip collector 
distance 




















Another electrospinning platform was acquired during my PhD and further used for the 
synthesis of nanofiber web. As shown on Figure 3.2, this platform possesses a stainless-steel 
rotating drum collector, as well as an articulated arm to allow the needle to follow a vertical 
and horizontal moving pattern. Drum rotating speed was adapted to obtain either randomly or 
oriented nanofibers. The power supply on that platform delivered only positive voltage, applied 
to the needle tip, while the drum was electrically grounded. All processing parameters have 
been summarized in Table 3.3. 
 








Table 3.3. Applied electrospinning parameters on the Holmarc platform with typical 
values in brackets. 
Precursor 
Electrospinning parameters 
Absolute voltage (kV) Needle gauge (G) 
Needle-tip collector 
distance 




















3.1.4. Annealing procedure to reach metal / metal oxide nanofibers 
 
Several annealing procedures have been experimented to study the influence of the 
kinetic of polymer removal and metal crystal coalescence on the obtained nanofiber surface 
reactivity and mechanical strength. The two annealing routes experimented are summarized in 
an organigram shown on Figure 3.3.  The interest of the under-air annealing pre-treatment is 
the yield of an ultra-porous structure of a reduction degree above 90 wt%, while the interest of 
the single step process resides in its application at industrial scale with a considerable gain of 









Figure 3.3. Organigram showing the configuration of the annealing routes. Dashed 
arrow represents the optional repeat of the reductive treatment. 
 
Thermal procedures were carried on a MTI GSL1100X from MTI Corporation and on 
a Tetlow High Temperature Horizontal tube furnaces, both using 50 mm OD diameter quartz 
tubes, as well as in a Linkam Scientific heating stage, for high precision temperature control. 
The temperature profile has always been a heating ramp followed by a plateau and a slow 
cooling back to 25 °C, before the next thermal procedure, if any. The reductive atmosphere 
used was a mixture of 15 wt % Hydrogen in 85 % Nitrogen at a flow rate of 0.6 L/min. 
Temperature plateau for under air pre-treatment or one step under hydrogen annealing was 
determined as a function of the results of the TGA testing on electrospun nanofibers. After a 
preliminary study of the impact of the chosen heating rate on the fiber structure, varied from 1 
to 5 °C/min, and considering the ability of the furnace to keep to the set temperature value, a 
heating rate of 3 °C/min was chosen for all procedures. The plateau duration for air annealing 
pre-treatments and surface reduction were set up to 1 h, while the other under H2/N2 procedures 
had a plateau duration varied between 1 and 3 h depending on the set temperature. The range 





























300 600 700 
PVA-Cu/Ni 250 300 500 600 
PAN-Ag 500 300 800 850 
PAN-Cu 500 300 700 700 
PAN-Cu/Ag 400 300 800 850 
 
For annealing, nanofiber samples were placed in ceramic crucibles and directly slid in 
the quartz tube. To minimize shrinkage and flatten the annealed surface, several ways of 
clamping the sample under a porous surface were trialled. 
 
3.2. Characterization of nanofiber precursors and webs 
 
First, this section details and justify the techniques employed to characterize the 
electrospinning precursors, to define a concentration range for each polymer/metal salt system, 
ensuring both suitable electrospinning ability and sufficient metal content to avoid the 
formation of discontinuous fibers after calcination. Then, the analytical techniques used to 
characterize the nanofiber structure, composition, and crystallinity are presented. The 
nanofibers have been thoroughly characterized through each step of the fabrication route to 







performance. Finally, the methods used to measure the web and membrane properties are 
introduced, to explain the nanofiber web resulting performance. 
3.2.1. Characterization of the nanofiber precursor 
 
The viscosity of the precursor was assessed using a TA Instruments HR-3 Rheometer. 
A 40 mm parallel plate type Peltier plate steel was used to carry the experiments. All tests were 
carried out at ambient temperature. 5 mL of the precursor solution after stirring 3 h at room 
temperature were introduced under the parallel plate for testing. Each test has been carried out 
three times for results reproducibility purposes. 
The surface tension of the precursor was assessed using an optical tensiometer (KSV 
Instrument model CAM 101) and the Attension Theta analysis software with the technique of 
the pendant drop following the equation of Young Laplace, for a drop volume of an average 
180 µm [410]. Indeed, the shape of the drop at the needle tip is impacted by several forces, and 
among them the surface tension. The following equation establishes the correlation between 
the drop shape and the solution surface tension, as expressed by Equation (3.1): 




          (3.1) 
Where γ is the surface tension, Δρ is the density variation between the fluids at the 
interface (here precursor and air), g is the gravitational constant (6.67.10-11 m3.kg-1.s-2), R0 is 
the radius of the drop curvature at apex and β is the shape factor determined by the Young 








Figure 3.4. Schematic of the surface tension analysis via pendant drop technique [410] 
 
Precursor solution conductivity was measured at 22°C under magnetic stirring using a 
WP 81 multimeter from TPS, equipped with a k=10 ceramic conductivity probe. 
 
3.2.2. Nanofiber structure and composition 
 
3.2.2.1. Fiber diameter and morphology 
 
The morphology of nanofibers was imaged by Scanning Electron Microscopy (SEM) 
on a Zeiss Supra 55VP model. SEM imaging (surface and cross-section) was performed at 5 
keV and a 23 mm working distance. The samples were gold or carbon coated (model SCD 050 
sputter coater, Bal-Tec and ACE-600 sputter coater, Leica) prior to imaging with a < 4 nm 
thick layer of gold by metal sputtering and prior to EDS with a < 3 nm thick layer of carbon by 
evaporation of a carbon thread. The fiber diameter distribution was determined using metrology 
statistics with measurements obtained from the SEM images using the imaging software Gimp 
v2.8. Precision of the average nanofiber diameter was kept under 5%, and was calculated using 







The thickness of the membranes was measured using a digital micrometer (ProScitech 
model SUM2-025) and compared to cross-section SEM images.  
The metal grain size, shape and boundaries were analysed by Transmission Electron 
Microscopy (TEM) on a JEOL FEGTEM and a JEOL JEM 2100 TEM at a 200 kV electron 
beam and 100 μA intensity. The samples were first ultra-sonicated in a vial containing ethanol 
for times varying from 15 min to 3 h in an ultra-sonication bath before being casted on Carbon 
Lacey 300 nm mesh copper grids purchased from EM grids. The grids were left to dry for at 
least 30 min, before being fitted on a single or double tilt TEM holder previously plasma 
cleaned.  
A Gatan TEM heating stage was used to perform in-situ TEM annealing on PVA-
Copper electrospun nanofibers. The thermal procedure consisted of a heating ramp from 20 °C 
up to 800 °C at 5 °C/min, under vacuum. 
3.2.2.2. Elemental composition 
 
3.2.2.2.1. Surface analysis 
 
Elemental composition was first assessed by X-ray Photoelectron Spectroscopy (XPS) 
and Energy Dispersive Spectroscopy (EDS) on both SEM and TEM. The EDS on SEM 
technique via EDX mappings was used to probe the homogeneity of the dispersion of metal 
atoms within the composite nanofibers and obtain a general idea of the quantity of organic 
material and oxide present. EDS on TEM allowed to analyse the elemental composition of 
selected metal crystals constituting the fiber. Finally, the XPS technique allowed the more 








XPS analysis was performed at RMIT (Melbourne Campus) on a Thermo Scientific™ 
K-Alpha+™ X-ray photoelectron spectrometer, with a photon energy of 1253.6 eV, a line 
width 0.7 eV, and a voltage of 486.7 hv (Mg K alpha filament). A flood gun was used to avoid 
charging. Deconvolution of peaks was performed with the CasaXPS software [411]. EDX 
mappings were acquired on the Zeiss supra SEM described above fitted with an Oxford 
detector, at 20 keV and 13 mm working distance to detect all metals, oxygen and remnants of 
polymer, on carbon coated samples, with a carbon thickness of ~0.4 nm. In the case of 
thermally reduced nanofibers, selected samples were analysed without coating. The elemental 
composition was also assessed by EDS on the TEM fitted with an Oxford detector in the STEM 
mode. The analysis was performed with a Bright Field BF detector with a camera length 
between 40 and 80 cm.  
3.2.2.2.2. Bulk analysis 
 
Furthermore, X-ray Absorption Spectroscopy (XAS) was performed at the Australian 
Synchrotron during 20th -24th February 2017, on selected samples. The XAS technique 
combines X-ray Absorption Near Edge Spectroscopy (XANES) and Extended X-ray 
Absorption Fine Structure (EXAFS). XANES results were used to accurately determine the 
proportion between the different oxidation states of metal crystals constituting the whole fiber, 
upon different annealing conditions, and could be correlated to the XPS fiber surface analysis 
results. The EXAFS data were used to evaluate the local metal coordination, especially in the 
case of bi-metallics, allowing the study of the possible metal crystal reorganization during 
thermal treatment. In correlation with the XANES data, it enabled the study of the variation in 









Figure 3.5 shows the schematic of a XAS measurement beamline. In transmission 
mode, a single X-ray of energy E (or wavelength λ) is selected using a monochromator and a 
spectrum is obtained by scanning the monochromator angle θ, using Bragg’s law. In 
Fluorescence mode, a reflection geometry is required and the signal is collected by a 
semiconductor detector. 
Following the Beer Lambert law (Equation 3.2): 
 
𝐼𝑡 = 𝐼0𝑒
−µ𝑡    (3.2) 
 
Where t is the sample thickness and µ a linear absorption coefficient, increasing with 
the atom Z number (presence of more electrons) [412]. Spectroscopy measures μt as a function 
of E, and is hence decreasing with high E as X rays are more penetrating. Absorption edges 
occur for each shell of electrons, when E is around the binding energy of the core electron. The 
energy of absorption edge 𝐸0 is unique for each element [412]. 
 
 
Figure 3.5. Schematics of a XAS beamline (left) and of the XANES/EXAFS (XAFS) 










In XANES, the photoelectron goes to state near the ionization energy (E0 at the K edge), 
allowing the acquisition of electronic information such as the metal compound oxidation state. 
The absorption (rising) edge is the main rising part of the XAS spectrum, at the beginning of 
the conduction band i.e. ionization level, and is due to 1s->np continuum states [412]. It can be 
used to estimate the charge on the metal centre, the geometric structure, and the metal ligand 
overlap via shakedown transitions [412]. The multiple scattering peaks are 10 eV above the 
absorption edge, it is the beginning of EXAFS but with a stronger scattering. 
As the oxidation state increases, the rising edge and edge maxima are shifted to higher 
energies, due to a higher charge on the excited atom, which results in electron states more 
tightly bound hence more screening of the core. Typically, +1 oxidation state ≈ +3 eV. There 
is also a relationship between formal valence of the metal and the position of the edge [412]. 
EXAFS theory 
In EXAFS, the scan X ray energy goes up to E0+1000 eV. The photoelectron is scattered 
by the neighbouring atoms, giving geometrical information on the photoelectron-hit atom, such 
as local coordination. A Fourier transform (FT) further gives structural parameters, namely the 
number of neighbour atoms N, the distance to neighbour atom R, and the amplitude A [412, 
413].  
Indeed, the photoelectron is excited to a state significantly above the binding energy, 
and becomes a quasi “free electron”. The photoelectron kinetic energy KE (in eV) can be 
expressed as by Equation (3.3) [413]: 









The photo-electron generates a wave function that is circular and leaves the excited 




,         (3.4)  
It comes then that the higher X ray energy, the higher kinetic energy, and the smaller 
wavelength. There is an elastic scattering of the photoelectron by the neighbouring atoms, and 
the original and scattered wave functions undergo interference. The interference depends on 
the number of wavelengths λ per distance travelled 2R. If the interference is constructive, then 
as expressed in Equation (3.5) [413]: 
2𝑅
𝜆
= 𝑛,        (3.5) 
Because there is also a 2π phase difference, it comes Equation (3.6):  
2𝑅
𝜆
= 2𝑘𝑅 = 2𝜋𝑛,     (3.6) 




,   𝐼𝑛𝑡𝑒𝑟𝑓𝑒𝑟𝑒𝑛𝑐𝑒 ≈ 𝑁𝑠𝑖𝑛(2𝑘𝑅),     (3.7) 
 
The interference oscillation will depend on the distance R to neighbouring atoms, while 
the interference amplitude will depend on the number N of neighbouring atoms. Interferences 
give an oscillating function of wave vector k. The Fourier transform on this oscillation gives a 










The EXAFS formula is expressed as follows[412, 413]: 
 











,      (3.8) 
 
Where R is the distance to neighbour atoms and A is the amplitude, depending on the 
structural disorder of R, expressed in the Debye Waller factor (A=2σ2) where σ is the standard 
deviation in R. N stands for the number of neighbour atoms. The impact of atomic parameters 
is expressed by δ, the phase at central atom, ψ, the phase at the neighbour atom, and f the 
scattering power of neighbour atoms [412, 413]. 
Experimental protocol 
XANES and EXAFS spectra were all conducted at the K edge and in transmission 
mode, except for bimetallic Cu/Ni nanofibers which spectra were acquired in fluorescence 
mode due to the overlapping of the Ni EXAFS signal and the Cu K edge. All experiments were 
conducted at a temperature of 10K. EXAFS spectra were acquired until K=18 keV for Cu 
measurements and K=16 or 12 keV for Ni measurements in single and bimetal fibers 
respectively. Three scans of 1h/scan were performed for each sample. For the acquisition of all 
spectra, a Si (111) crystal monochromator with an energy resolution (ΔE/E) of 1.5*10-4 was 
used to scan the X-ray beam. Nanofiber samples were reduced to powder with a mortar and 
maintained in XAS sample holders with Kapton tape, prior to be mounted in the cryostat. In 
the case of electrospun nanofibers, a volume/mass of nanofibers determined by the XAFsmass 







holder. The software calculated the desired material quantity for beam sensibility at the K-edge 
in function of the material weight and the molecular mass of each of its component. 
The XAS data were analysed using the DEMETER software package, version 0.9.25 
[414]. Spectrum normalization (eliminating the impact of sample thickness and gain 
amplitude), background subtraction in the pre-edge and post-edge region, as well as XANES 
analysis was performed on the ATHENA software, via Linear Combination Fitting LCF using 
an IFEFFIT algorithm [414]. Analysis of the EXAFS spectra was performed on ARTEMIS, 
based on a FEFF 8.2 model program [414]. 
3.2.2.3. Microstructure characterization  
 
Annealed nanofiber crystal structure was assessed via X-ray diffraction (XRD), 
Diffraction on TEM, and High Energy XRD (HE-XRD) performed at the Advanced Photon 
Source. 
3.2.2.3.1. Metal crystal orientation 
 
Nanofiber metal grain orientation analysis was performed on the TEM using the 
Diffraction mode or NanoBeam Diffraction (NBD) mode.  The TEM grids were fitted on a 
double tilt holder and held by a beryllium disk and spacers for its low diffraction background. 
The distance between the spots of the obtained diffraction patterns could be analysed by the 
TEM software or by the imaging software Gimp v2.8. 









Metal grain crystal structure was analysed via X-ray diffraction (XRD) using the Xpert 
Powder from Panalytical. A silicon low background holder was used to reduce the noise on the 
obtained spectra. The operation settings of the Xpert Powder were 40 kV and 30 mA for all 
tests. In a typical procedure, the angle analysis went from 5⁰  to 90⁰  with a divergent slit of 
1⁰  and an anti-scattering slit of 2⁰  with a mask of 10 mm. The sample was reduced to powder 
using a mortar and placed in the centre of the holder, to get the majority of the sample hit by 
the X-ray beam. 
High Energy X-ray Diffraction  
High Energy X-ray Diffraction (HE-XRD) was also performed on nanofiber samples. 
More than a lower material dose requirement, the HE-XRD analysis with a beam highly 
penetrating through the material enables an atomic scale structural ordering of nanofiber metal 
crystals characterization, that can be further correlated to the XAS atomic scale chemical 
ordering analysis [415, 416]. An illustration of the data acquisition and interpretation is 
presented in Figure 3.6. The use of the HE-XRD technique is here further justified as it can be 
applied to both amorphous and crystalline materials. This stems from the fact that Bragg’s law 
and diffuse scattering are both taken into account [417]. Metal-based nanofibers in their 
fabrication undergo a structural change from amorphous to crystalline, and this technique 
therefore allows the study of metal-based nanofibers all along the fabrication route.  
First, the HE-XRD acquired data are reduced to the structure factors F(q) expressed as 




,         (3.9) 








Figure 3.6. Schematics of the HE-XRD and PDF data acquisition and interpretation 
(Reproduction license acquired) [417]. 
 
The HE-XRD measurements were performed by Dr. Nicholas Bedford from the 
National Institute of Standards and Technology NIST at the Advanced Photon Source, 
Argonne, USA [418-420]. A trial of atomic pair distribution function PDF analysis however 
unsuccessful was wished to be performed, thus requiring diffraction experiments at high q 
values, not available at the Australian Synchrotron [415, 416]. The HE-XRD experiments were 
taken at 11-ID-C using 115 keV X-rays.  A large area detector was used for all 
experiments.  Data were collected at 1500 mm. 
Analysis of the obtained data was performed using the PDFgui software package, 
including the PDF Fit2D program to extract the chi files.  
 
3.2.3. Nanofiber web properties 
 
In this section, the techniques used to characterize the obtained nanofiber webs are 







temperature to remove all organic content during the fabrication process. Web pore size has 
been characterized to explain the metal-based nanofiber membrane separation performance.  
3.2.3.1. Nanofiber web thermogravimetric analysis 
 
Thermogravimetric analysis TGA was performed under air and N2 using a Q50 TGA 
(TA instrument, USA). During the TGA experiments, the gas flow was maintained at 60 
cm3.min-1 and the heating rate was fixed at 10°C.min-1 for a maximum temperature of 600°C 
for PVA based nanofiber webs. 
3.2.3.2. Membrane pore size  
 
Membrane pore size distribution and bubble point testing were determined using 
Quantachrome Instrument Capillary Flow Porometer 3gZh. The tests were performed in wet 
up / dry up mode, using for the wet phase Porofil as the reference liquid, exhibiting a 15.9 
dynes/cm surface tension. The pressure was varied between 0.32 and 2.56 bar to cover the 
range of corresponding pore sizes of the materials, from 2 µm down to 250 nm. The analysis 
was performed on the 3GWin2 perm-porometry software. 
 
3.3. Nanofiber web performance characterization 
 
The vision of my PhD is to create a novel meso-porous material which can act as a 
physical barrier, through molecular size sieving, but that also provides a platform for specific 
inorganic contaminant adsorption and simultaneously offers electro-chemical reactivity for the 
contaminant reduction and fouling limitation. Though the core of this Thesis focuses on the 







synthetized metal-based nanofibers can be found in Appendix 2. Below is presented the 
performance characterization in air and water separation, anti-bacterial activity, and finally 
heavy metal ion adsorption. 
 
3.3.1. Water filtration of micro-particles 
 
Water separation using an aqueous solution of fluorescent latex beads of size 30 nm, 
100 nm, 500 nm, 1 µm and 2 μm was performed using an ultra-filtration cell at low pressure. 
The choice of the different latex beads diameter was driven by the average pore size of the 
membranes, determined between 0.7 to 2 μm by perm-porometry. The retention rate and 
selectivity of the membrane were determined by using a Hitachi F-4500 Fluoro-spectrometer. 
The bead concentration of the permeate could be correlated to the fluorescence spectra by using 
a calibration curve. The latex beads were first dispersed in an aqueous solution; however, this 
induced the partial dissolution of the PVA fibers. Nevertheless, the retention of particles in the 
fibrous membrane, the pore clogging and formation of screen filter were assessed by SEM. 
3.3.2. Air filtration of micro-particles 
 
A home-made Particle Counter Filter Test Instrument PCFTI was used for air 
separation testing.  A 20 g/L solution of potassium chloride was used as aerosol by the means 
of an atomizer, to create 4 or 6 bins of particle sizes centred around 300 nm, 500 nm, 700 nm, 
1 µm, 2 µm and 5 µm. Two TSI particles counters were used to measure the particles 
concentration above and under the membrane. A cellulose acetate support was used under all 
self-standing electrospun membranes. In a typical procedure, a first run without aerosol is 







membrane pressure drop, and measured with a TSI airflow meter. Then a minimum of 5 tests 
were performed, following a protocol adapted from the sodium flame test for air filters 
standard, under hygrometric conditions below 65%. Membrane performance was compared to 
a commercial vacuum paper bag. SEM imaging was performed to image the potential nanofiber 
delamination after test and perm-porometry tests were carried out to assess the potential 
membrane pore widening. Membrane quality factor QF for a particle size bin x was determined 




 , 𝑖𝑛 𝑘𝑃𝑎−1   (3.10) 
Where 𝑃𝑥 is the penetration rate for the particle size bin x, and Δp the membrane 
pressure drop. Particle size bins considered are in µm [0.3, 0.5[, [0.5, 0.7[, [0.7, 1.0[, [1.0, 2.0[, 
[2.0, 5.0[ and [5.0, 25]. The penetration 𝑃𝑥 is defined as below by Equation (3.11): 
𝑃𝑥 = 100 ∗ (1 − 
𝐹𝐸
100
) , 𝑖𝑛 %   (3.11) 
Where FE stands for filtration efficiency, in %. Membrane quality factor per size bin 




∗ 𝑉𝑓 ∗ 𝜂 , 𝑖𝑛 𝑛𝑚   (3.12) 
Where 𝑉𝑓 stands for the face velocity, expressed in m/s.  
3.3.3. Anti-bacterial activity 
 
Bactericidal potential of selected metal-based nanofibers was assessed following an 
experimental protocol adapted from the European standard ISO 20645, defining a qualitative 







procedure, strains of E. Coli were grown in a pre-prepared broth from commercial Trypton 
Soya Broth. Once a concentration of 1-5.108 CFU/mL was reached, measured by 
spectrophotometry using a calibration curve, the broth was inoculated into an agar preparation 
from commercial Trypton Soya Agar, and poured into 90 mm petri dishes, previously layered 
with a bacteria free Trypton Soya Agar. Nanofiber web samples, weighing 1.5 ±0.02 mg were 
placed each in the centre of a petri dish. The test was repeated twice per sample. Photographs 
of the inhibition zone were taken after 24h incubation at 37°C.  Further SEM imaging was 
performed to assess the impact of the bacteria presence on the nanofibers. 
3.3.4. Remediation of heavy metal ions 
 
Heavy metal ion batch adsorption experiments were carried on both model aqueous 
solutions and industrial water samples. Metal ion desorption and adsorbent regeneration 





Batch adsorption experiments on model solutions were carried out with solutions of 
metal salts of As (V), Cr (VI) and Cu (II), using respectively sodium (meta)arsenite, chromium 
trioxide, and copper (II) nitrate. The three ions were chosen to represent the composition of 
one of the industrial water samples presented below. 
For all experiments, the adsorbent dose and solution volume were set respectively at 
0.2 g/L and 6.0 mL, performed in a capped becher vessel. Initial ion concentration was reached 







120 to 650 mg/L for the three ions, based on the concentration detected in the industrial water 
sample. To control the temperature and ion diffusion, with an agitation set at 150 rpm, an 
Industrial Equipment and Control IEC heating and magnetic stirring plate was used. To avoid 
damaging the adsorbent with the magnetic stirrer, a drilled 1.5 mL plastic tube was inserted, 
with the adsorbent material placed inside the tube while the stirrer remained on the outside. 
The water acidity and conductivity were controlled with a TPS WP-81 pH multimeter, and 
regulated by adding 0.1 to 1 M of HCl or NaOH. Particular care was taken when preparing 
metal ions aqueous mixtures as a precipitation of copper and arsenic were undesired. 
Industrial effluents 
Two lixiviates of respectively preserved wood with a Chromated Copper Arsenate 
(CCA) compound, and spent batteries containing nickel, zinc, cadmium and manganese were 
obtained from the Institut National de la Recherche Scientifique (INRS) of Quebec, Canada.   
In a typical batch adsorption procedure, solution pH was used as received or raised by 
addition of NaOH. The adsorbent dose remained invariant at 0.2 g/L, following the reported 
doses in the literature for nanomaterials adsorbents, as presented in Chapter 2. Solution 
volume was kept constant at 50 mL and poured in a capped beaker. The vessels were then 
secured in a thermostatic mechanical agitation bath, at a rotation speed of 150 rpm.  
Performance analysis  
The adsorption performance on both model and industrial solutions was measured using 
Inductively Coupled Plasma Mass Spectrometry ICP, accessed respectively at Deakin 
Burwood Campus and at the INRS in Quebec. The ICP method was chosen for its precise 







For industrial effluents, a volume of 1 mL of samples was pipetted at regular intervals 
from the 40 mL solution, and further diluted with nitric acid to reach a metal concentration in 
the range of the chosen calibration. The total volume of sampling did not exceed 10 % of the 
initial solution volume. For model solutions, the whole volume of solution in the beaker was 
considered for dilution. 
The adsorbent morphology after adsorption was analysed by SEM and TEM, while the 
changes in surface composition were measured by XPS and in-situ TEM EDX. 
3.3.4.2. Desorption 
 
Chemical desorption and physical desorption were both investigated with adsorption 
by copper-based nanofibers in model solutions. In a process of chemical desorption, the 
adsorbent was immersed in an aqueous NaOH bath with a concentration varying between 5 
µM and 1 M for 1 h, with a 150 rpm agitation. In a process of physical desorption, the adsorbent 
was placed in a 10 mL capped tube with 2.0 mL of deionized water and placed in an 
ultrasonication bath for 1 min at 110 Hz. After desorption, the solutions were recovered and 
further analysed by ICP to determine the quantity of heavy meal desorbed. The adsorbent was 
also recovered and left to dry for 24 h before being analysed via electron microscopy. 
3.3.4.3. Adsorbent regeneration and recycling 
 
After desorption, the dried adsorbent was thermally reduced at 300°C for 30 min under 
15 % H2 balanced in N2 to reduce the metal oxide surface and recreate the material electron 



















Chapter 4. Electrospinning of polymer-metal composite 
nanofibers 
 
This chapter introduces the synthesis of organic-inorganic composite nanofibers, 
achieved by electrospinning of a polymer-metal salt sol-gel precursor. Electrospinning of 
polymer-metal composite nanofibers is the preliminary step in the fabrication of reduced metal 
nanofibers. The first part is dedicated to the electrospinning of highly conductive jets and the 
examination of the actions followed to tackle the occurrence of jet instabilities. The up-
scalability of polymer-metal sol-gel electrospinning using the Nanospider® is presented in 
Appendix 1. The second part presents the preparation of the electrospinning precursor, through 
an organic/inorganic sol-gel process between metal salt and polymer. The potential of metal-
based nanofiber scaffolds in their composite form for green and affordable anti-microbial 
separation in both air and aqueous media is presented in Appendix 2. 
 
4.1. Electrospinning of polymer-metal composite nanofibers 
 
This section reviews the instabilities in electrospinning for highly conductive precursor 
such as polymer-metal salt sol-gels.  An engineering study on the impact of each parameter of 
flow rate and needle gauge for the solution delivery, as well as needle tip-collector distance 










4.1.1. Electrospinning and jet instabilities 
 
4.1.1.1. Poly(vinyl alcohol)-metal acetate precursors 
 
Figure 4.1 and Table 4.1 presents several defects observed in a Poly(vinyl alcohol) 
(PVA) with copper II acetate electrospun web morphologies along with their identified possible 
causes and corresponding SEM micrographs.  
Table 4.1. Table indicating the possible causes for observed defects on electrospun 
structures, as shown in Figure 4.1. 
Defect Possible cause Configuration 
Droplets Low viscosity, High charge density, High voltage 1 
Micro-ribbons Strong electric field 2 
Cracks/Discontinuity High metal salt to polymer ratio 3 
Beaded fibers Low charge density, large volume at needle tip 4 
Fused interconnections Short needle-collector distance 5 
Fibrous nets High conductivity, In-homogeneities 6 















Figure 4.1. SEM Micrographs of PVA-Cu electrospun webs with the corresponding 
observed defects (1-7) from Table 4.1. 
A too low viscosity of the precursor, here established below 1.54 Pa.s, translates into a 
too low intertwinement of macromolecular chains which will thus cause a disruption of the 
Taylor cone and jet splitting [421]. A too high voltage will also draw out more solution than 
supplied at the needle tip, while a higher charge density implied by the addition of a metal salt 
and thus combined to a decreased viscosity, will accelerate the jet and help the jet formation 
for a weaker electric field than a polymer precursor. Indeed, a higher conductivity shortens the 
duration needed for the excess charge in the ionic liquid to move to the collector under action 
of the electric field [422].  
Micro-ribbons have also been observed in the case of a higher applied voltage for a 
similar volume at the needle tip, yet with a higher solution delivery rate. The inadequacy of the 
ratio between volume at the needle tip and electric field strength can translate in a drawing of 
too much solution in too rapid jet travel. A too high metal content in the precursor may lead to 
cracks in the electrospun nanofibers due to a lack of organic binding upon solvent evaporation. 
However, the addition of metal salt increases charge density i.e. conductivity, which can 
resolve beaded fiber instabilities, occurring from an insufficient stretch of the jet influenced by 
the local charge reorganization upon solvent evaporation [423]. High precursor surface tension 
has been reported in the literature as a possible cause for the formation of bead-on-string 
electrospun structures, as surface tension would try to make the area per unit smaller by 
changing the jet into spheres [424]. Furthermore, a too short needle tip-collector distance will 
directly affect the solvent evaporation time and jet travel distance, conferring a fused aspect to 
electrospun nanofibers. During jet travel, as a result from acceleration and thinning in the 
electric field, an increased charge density may initiate a set of secondary jets forming nano-







secondary and tertiary jets at the Taylor cone may be the result of in-homogeneities in the 
precursor. 
4.1.1.2. Poly(acrylonitrile) - metal nitrate precursors 
 
Figure 4.2 shows the two different instabilities observed for a Poly(acrylonitrile) 
(PAN)- metal nitrate precursor, here Cu (II) nitrate.  
 
 
Figure 4.2. SEM Micrographs of electrospun PAN-Cu nitrate precursor, showing fiber 
roughness (A) and fiber upon self-gathering (B). 
 
PAN in DMF was found to spin relatively well compared to water soluble polymers, 
resulting in smooth fiber webs with a fiber diameter increasing with the solution viscosity [426, 
427]. However, minor defects on the structure could be observed when spinning a PAN-metal 
nitrate composite precursor, such as partially crystallised and rough fiber surface more or less 
visible depending on the fiber, as well as gathering of the whipping jet upon itself, respectively 
shown in Figure 4.2 (A) and Figure 4.2 (B). It is believed that the proportion of free metal 







due to metal confinement and solvent evaporation, and by attraction Coulomb forces in the jet 
bending zone upon approaching the grounded collector that supports charged nanofibers. 
Furthermore, a multitude of jet splaying phenomena appeared at the needle tip and 
covering all trajectories from up to down the needle tip. The high charge density in the jet is 
accountable for the acceleration of the jet, division into several secondary jets and upon 
repulsion forces between the different jets, the coverage of a large trajectory towards grounded 
objects in the spinning chamber. A grounded rotating drum or negatively charged collector 
plate were found to be enough to centre the trajectory of the jet onto the collector. Another 
factor typical for PAN-metal nitrate spinning was the solidification of a secondary jet forming 
a filament between the needle tip and the collector. The metal salt content in the precursor was 
lessened to prevent this phenomenon, which would ultimately be accompanied by corona 
discharges.  
4.1.2. Influence of solution delivery and electric field  
 
A systematic investigation of the electrospinning parameters of needle gauge, solution 
feed rate, needle tip-collector distance and applied voltage has been carried out on a PVA-Cu 
precursor, in order to specifically determine the influence of each parameter on the spinning of 
a conductive inorganic composite precursor. Room conditions of hygrometry were not 
investigated; however, the electrospinning was carried at a temperature in the [19, 22] °C range 
and a humidity below 60 %. 








The impact of needle gauge on the obtained electrospun structures, is presented in 
Figure 4.3, with the mean fiber diameter calculated to be 532 ± 98 nm, 533 ± 39 nm, and 528 
±70 nm for an 18G, 21G and 23G needle, respectively.   
 
Figure 4.3. SEM Micrographs of an electrospun PVA-Cu precursor with varying needle 
gauge, respectively 18G, 21G and 23G from left to right. Electrospinning performed at 
0.6 ml/h feed rate, 20 cm distance, 14 kV voltage. 
 
Electrospinning was performed with a 0.6 mL/h solution delivery, a 20 cm needle tip-
collector distance and 14kV absolute voltage. A higher gauge entails an increase of the solution 
surface tension at the needle tip, which deforms the Taylor cone and leads to the formation of 
in-homogeneities such as beads and droplets in the fiber mat, as shown for structures spun with 
21G and 23G needles. The deformation of the Taylor cone also induces further instabilities 
occurring during the travel of the jet towards the collector, thus resulting in non-homogeneous 
fiber diameter repartition, as can be seen with the 23G needle gauge. Regarding the 18G needle 







at the needle tip, resulting in occasional larger and with a fused aspect fibers. In the literature, 
the influence of the needle gauge is often not reported and blended with the impact of the 
precursor feeding rate, as it also results in the variation of the volume of solution at the needle 
tip. Nevertheless, a different needle gauge at a same feed rate could have impacted on the 
solution polarization alongside the needle. 
 
Electron micrographs of PVA-Cu electrospun webs respectively at 0.3 mL/h, 0.6 mL/h 
and 1.2 mL/h feed rates are presented in Figure 4.4, for an average fiber diameter of 626 ± 58 
nm, 528 ± 70 nm, and 543 ± 97 nm. 
 
 
Figure 4.4. SEM Micrographs of an electrospun PVA-Cu precursor with varying feed 
rate, respectively 0.06 mL/h, 0.6 mL/h, and 1.2 mL/h from left to right. Electrospinning 
performed with 18G needle, 20 cm distance, and 13 kV voltage. 
Electrospinning was performed with an 18G needle, at 20 cm distance and 13 kV absolute 







even micro ribbons for the latter. When the feeding rate is increased, a higher volume of 
solution is pulled towards the collector entailing a deformation of the Taylor cone. This can 
create beads or ribbons in the fiber mat, as shown for 1.2 ml/h feed rate, when the volume of 
solution becomes too important leading to a partial evaporation of the solvent, as the time of 
travelling of the jet is equivalent as for a lighter rate of feeding solution. Nano-webs can be 
observed on the 1.2 mL/h structure, resulting from the combination of precursor high local 
charge density with solvent partial evaporation, leading to a network of secondary jets, forming 
in the electric field [428]. A study also reported that the shortened time of polarization of the 
solution will also decrease the charge density and help in the formation of beads, in the case of 
electrospinning of a PVP-Ti(IV) isopropoxide precursor between 0.5 mL/h and 1 mL/h [345]. 
The decreased charge density may also explain the bead formation for a spun structure with a 
very low flow rate, here like 0.3 mL/h. Other observations have also been reported in the 
literature. For example, it has been reported that once the feed rate was sufficient to ensure the 
spinning of a jet, a higher feed rate would have no significant impact on the fiber diameter and 
homogeneity, in the case of a polycaprolactone and sodium chloride precursor [429]. 
 
4.1.2.2. Electric field: distance and applied voltage 
 
Electron micrographs of three PVA-Cu fiber mats spun at either 15, 20 or 22 cm from 
the collector are presented in Figure 4.5, corresponding respectively to an average fiber 









Figure 4.5. SEM Micrographs of an electrospun PVA-Cu precursor with varying needle 
tip-collector distance, respectively 15 cm, 20 cm and 22 cm from left to right. 
Electrospinning performed with 18G needle, 0.6 mL/h feed rate, 13 kV voltage. 
 
Electrospinning was performed with an 18G needle, 0.6 mL/h solution delivery and 13 
kV absolute voltage. The distance between the needle tip and the collector should be sufficient 
to enable the solvent evaporation and nano-fiber solidification. If the distance is shortened, like 
for the mat spun at 15 cm, then the resulting higher electric field strength accelerates the jet, 
and fused nano-fibers are collected, due to partial solvent evaporation. Nano-fibers mat with 
sintered intersection between the fibers can be obtained by adjusting the working distance, as 
can be seen again on the structure spun at 15 cm distance. Such structures could be of interest 
for thermo-electrical properties and mechanical resistance. It can be observed that an increasing 
needle-tip / collector distance results in a decreased average fiber diameter. This trend concords 
with the literature, where it has been pointed out with the electrospinning of a PVA precursor 







short distance before undergoing a bending instability due to a local disturbance in the charge 
repartition caused by the solvent evaporation. This bending instability finally caused the 
formation of the looping trajectory of the jet, which further stretches the jet at each bend thus 
resulting in a thinner diameter [430]. 
The applied voltage provides the precursor with required charge density to initiate the 
jet formation when overcoming the surface tension. Three different voltages have been applied 
to electro-spin the webs shown in Figure 4.6, with average fiber diameter calculated to 751 ± 
48 nm, 635 ± 50 nm, and 615 ± 23 nm for a 12 kV, 14 kV and 16 kV absolute voltage 
respectively. Electrospinning was performed with an 18G needle, at 20 cm distance and 0.6 
mL/h solution delivery.  
 
 
Figure 4.6. SEM Micrographs of an electrospun PVA-Cu precursor with varying 
voltage, respectively 12 kV, 14 kV, and 16 kV from left to right. Electrospinning 







When the voltage is increased, the increased charge density will accelerate the jet and 
bring a higher volume of solution towards the collector, weakening the Taylor cone stability, 
which will appear closer to the needle tip, thus resulting in beads and the formation of drops 
onto the collector. This is the case for the 14 kV electro-spun structure. When the voltage is 
further increased to 16 kV, the beads did agglomerate and created ribbons of a micrometer 
scale. The jet elongation is also more important as a result of the higher electric field applied 
force, hereby giving nano-fibers of a thinner diameter and non-homogeneous diameter 
distribution, creating two classes of diameters. This result has also been observed in the 
literature in the case of the electrospinning of PVA, where a narrow distribution of fiber 
diameters was obtained for a lower spinning voltage of 17.5 kV while broader distributions of 
fiber diameters were obtained for voltages ranging from 20 kV to 22.5 kV [304]. 
 
4.1.3. Morphologies of electrospun structures 
 
The section below presents the electrospun structures obtained for each precursor with 
SEM micrographs. Details of the electrospinning configurations are provided in Chapter 3. 
PVA-metal acetate precursors are presented in Figure 4.7 and present a smooth fiber 
morphology. PAN-metal nitrate electrospun precursors are presented in Figure 4.8, and 
demonstrated the highest fiber production rate, and showed an as-spun average fiber diameter 










Figure 4.7. SEM micrographs of electrospun composite PVA-Cu (II) acetate (A, B), 
PVA-Ni (II) acetate (C, D) and bi-metal composite PVA-Cu (II) acetate /Ni (II) acetate 














Figure 4.8. SEM micrographs of electrospun composite PAN-Ag (I) nitrate (A, B), PAN-









4.2. Polymer-metal precursors 
 
The sol-gel chemistry and composition of the electrospun composite nanofiber surface 
has been investigated by XPS analysis. Furthermore, the electrospinning of a metal salt aqueous 
solution without a polymer template was trialled. The required properties in viscosity, surface 
tension and conductivity for the electrospinning of polymer-metal salt precursors are then 
discussed in the section below. 
4.2.1. Chemical interactions in the polymer/metal salt systems 
 
4.2.1.1. PVA-metal acetate 
 
Following the sol-gel theory discussed in Chapter 2, the sol-gel reactions happening 
upon disolution of metal salt in water and further addition of a dissolved polymer solution can 
be expressed following Equations (4.1, 4.2), in the case of PVA-copper (II) and/or nickel (II) 
acetate, reproduced in Figure 4.9. 
𝑀(𝐶𝐻3𝐶𝑂𝑂)2. 𝐻2𝑂 + 𝐻2𝑂 ⇆  𝑀(𝑂𝐻)2 + 2 𝐶𝐻3𝐶𝑂𝑂𝐻          (4.1) 
2 (𝐶𝐻2𝐶𝐻𝑂𝐻)𝑛 + 𝑛 𝑀(𝑂𝐻)2  ⇆ 2𝑛 𝐻2𝑂 + (𝐶𝐻2𝐶𝐻𝑂𝑀𝑂𝐶𝐻𝐶𝐻2)𝑛     (4.2) 
 
Where M is a metal cation representing either Cu (II) or Ni (II). The addition of acetic 










Figure 4.9. Chemical formula of poly(vinyl alcohol) PVA and Copper (II) acetate 
(Similar for Nickel (II) acetate). [431, 432] 
 
Figure 4.10, Figure 4.11 and Figure 4.12 show the XPS analysis on selected elements 
for respectively PVA-Cu, PVA-Ni and PVA-Cu/Ni composite nanofiber webs. Both spectra 
exhibit features in the region corresponding to the transition metals, meaning the copper or 
nickel is present at or close to the surface of the nanofibers, which is consistent with a 








Figure 4.10. XPS spectrum of C1s (A), O1s (B) and Cu2p (C) for a PVA-Cu nanofiber 
web. In the C1s spectra, (1), (2), (3) respectively correspond to C-C bonds, C-O bonds, 
copper carbonate. In the O1s spectrum, (1), (2) respectively correspond to C-O bonds, 
copper carbonate. In the Cu2p spectrum, (1), (2) respectively correspond to Cu (0) and 








On the C1s graph from PVA-Cu, shown in Figure 4.10 (A), the spectrum can be 
deconvoluted into 3 peaks corresponding to C-C or -CH2 bonds at 284.7 eV (1), C-O bonding 
at 286.2 eV (2) and finally a third broader and less intense peak at 288.2 eV (3), corresponding 
to CuCO3 [433, 434]. The intensities of -CH2 and C-O bonds are in a similar range, and translate 
a slighty higher concentration of C-C with 48.9 % over 44.8% for C-O bonds. This result is 
consistent with the polymer structure, as shown in Figure 4.9 [431]. The presence of cupric 
carbonate has been observed to happen after aging of the electrospun fiber web in air, with a 
net change of color from light blue during electrospinning to turquoise after oxidation of the 
as-spun web. In the electrospinning precursor, a change of color to emerald is observed if acetic 
acid was not added in stochiometric quantities with copper acetate.  
Two major peaks were identifed on the O1s graph shown in Figure 4.10 (B). One broad 
and intense peak at 532.2 eV (1) corresponding to C-O bonds, was found overlapping a weaker 
peaks at 532.5 eV (2), indicating the presence of metal carbonate [433, 434]. The large 
propension of C-O bonds at 87.2% is consistent with the C1s scan results and the chemical 
structure of PVA, while the presence of a weaker peaks, accounting for 12.8 % is linked to the 
copper acetate addition and consistent with its proportion in solution.  
On the Cu2p zone of the PVA-Cu XPS spectrum, shown in Figure 4.10 (C),  it can be 
observed that the binding energy of the Cu2p3/2 peak is of 932.6 eV (1), corresponding to a 
predominant Cu (0) or Cu (I) oxide Cu2O species [434]. A minor contribution at 934.8 eV (2) 
indicates the presence of copper carbonate, which causes the marginal appearance of the 








Figure 4.11. XPS spectrum of C1s (A), O1s (B) and Ni2p (C) for a PVA-Ni acetate 
nanofiber web. In the C1s spectrum, (1), (2), (3) respectively correspond to C-C bonds, 
C-O bonds, nickel acetate and carbonate. In the O1s spectrum, (1), (2) respectively 
correspond to nickel oxide and hydroxide, nickel carbonate and C-O bonds. In the Ni2p 
spectrum, (1), (2) and (3) respectively correspond to Ni (0) and nickel hydroxide and 







On Figure 4.11, a similar shape of the acquisition spectrum in the C1s zone shown in 
Figure 4.11 (A) can be observed for PVA-Ni nanofibers. Three C1s peaks were identified: at 
284.7 eV (1) for C-C bonds accounting for 77.3%, at 285.4 eV (2) for C-O bonds accounting 
for 19.8%, and at 289.1 eV (3) for NiCO3 accounting for 2.8% [434]. It can be noted that the 
proportion of NiCO3 is only of 2.8%, while it is accounted for 6.4% for CuCO3. The proportion 
of nickel acetate in the PVA-Ni precursor solution was also 2.5 times greater compared to 
copper acetate in a PVA-Cu precursor, due to the greater water solubility of the nickel salt.  
On the O1s scan shown in Figure 4.11 (B), an energy shift of 2.3 eV on the O1s peak 
can be observed compared to the case of PVA-Cu, due to the variation in proportion of nickel 
salt. The spectrum was further deconvoluted into two peaks corresponding to nickel hydroxide 
possibly overlapped with nickel oxide at 529.8 eV (1) accounting for 76.5% and nickel 
carbonate overlapped with C-O bonds at 532.76 eV (2) accounting for 23.4% [436].  
Finally, regarding the Ni2p scan shown in Figure 4.11 (C), a first deconvolution of the 
Ni2p 3/2 peak was made at 852.6 eV (1), which is consistent with the presence of Ni metal. 
However, since the deconvoluted peak FWHM is of 3.9 eV, and since a multiplet split can be 
distinguished on the Ni2p 3/2 peak, this main contribution also overlaps with another Ni state 
contribution, presumably from nickel hydroxide, reported in the literature to scatter at 855.6 
eV, and in a minor proportion from nickel carbonate [434]. Indeed, the smooth transition 
between the Ni2p3/2 or Ni2p1/2 peaks and their respective satellites indicates a higher proportion 
in hydroxide compared to carbonate, which is consistent due to the relatively higher added 
metal salt content compared to other precursors in this study [437]. The Ni2p3/2 peak satellites 








The XPS analysis for a bi-metal/organic composite nanofiber web of PVA-Cu/Ni is 
shown on Figure 4.12.  
 
Figure 4.12. XPS C1s (A), O1s (B), Cu2p (C) and Ni2p (D) spectrum for a PVA-Cu 
acetate-Ni acetate nanofiber web. In the C1s spectrum, (1), (2), (3) respectively 
correspond to C-C bonds, C-O bonds, metal carbonate. In the O1s spectrum, (1), (2) 
respectively correspond to metal oxide/hydroxide, metal carbonate and C-O bonds. In 
the Cu2p spectrum, (1), (2) respectively correspond to Cu (0) and Cu (I), Cu (II). In the 
Ni2p spectrum, (1), (2) and (3) respectively correspond to nickel hydroxide and 
carbonate, Ni2p3/2 satellites. 
 
On the C1s scan shown in Figure 4.12 (A) can be found again the C-C (1) and C-O (2) 







intensity compared to the single metal composite nanofibers, with a peak culminating at 289.0 
eV accounting for 20% of the carbon repartition, which is more than the estimated proportion 
in C-O bonds, at 17.5% [434]. Even though the metal salt addition in the PVA-Cu/Ni solution 
is more than the amount of copper acetate added in a PVA-Cu solution, it is however the same 
metal salt amount altogether when compared to a PVA-Ni solution. The reason is that a 
minimum of organic binder to metal salt ratio has to be assured to prevent the production of 
cracked or discontinued fibers after respectively electrospinning and annealing [325]. This 
large amount of metal carbonate compared to single metal-containing nanofibers possibly 
indicates an accelerated phenomenon of movement of metal species to the surface of the 
nanofibers during electrospinning, due to a higher charge density and local attraction-repulsion 
electric forces with the collector and neighbouring nanofibers.  
The O1s spectrum presented in Figure 4.12 (B) was deconvoluted into two peaks 
corresponding to metal oxide and hydroxide (1) and metal carbonate overlapping C-O (2) 
bonds, with a preponderance for metal carbonate instead of hydroxide [434]. The 
corresponding metal oxide/hydroxide peak at 532.1 eV was found accounting for 27.6%, while 
the metal carbonate and C-O bonds peak at 532.6 eV accounted for 72.4%.  
On the Cu2p spectrum shown in Figure 4.12 (C), the peak intensities for the different 
satellites were found to be lower than in PVA-Cu nanofibers XPS analysis, indicating that 
copper under the form type Cu (0) or Cu (I) oxide Cu2O is even more predominant than in the 
single metal composite fibers [438, 439]. The Cu (0) and Cu (I) peak contribution was 
identified at 932.6 eV (1), while the Cu (II) contribution presumably under the form of copper 







Regarding the Ni2p spectrum shown in Figure 4.12 (D), no contribution of Ni (0) could 
be highlighted, as the Ni2p3/2 peak was first deconvoluted at 855.1 eV (1), which is consistent 
with a nickel hydroxide and carbonate main composition [437].   
4.2.1.2. PAN-metal nitrate 
 
PAN-metal nitrate precursors with silver (I) and copper (II) ions were prepared in a 
DMF solvent, their respective chemical structure being illustrated in Figure 4.13.  
In this preparation, free metal loading is believed to be at stake rather than sol-gel 
reaction, from the instabilities observed in electrospinning. The proposed mechanism involves 
the binding of the silver or the copper nitrate on the nitrile group. 
 
Figure 4.13. Chemical formula of N,N-dimethylformamide DMF, poly(acrylonitrile) 
PAN, Silver (I) nitrate and Copper (II) nitrate [432, 440] 
 








Figure 4.14. XPS spectrum of C1s (A), O1s (B), N1s (C) and Ag3d (D) for a PAN-Ag 
nitrate nanofiber web. In the C1s spectrum, (1), (2), (3) respectively correspond to C-C 
bonds, CN single/double bonds, CN triple bond. In the O1s spectrum, (1), (2), (3) 
respectively correspond to imine, silver oxide, nitrate. In the N1s spectrum, (1), (2), (3) 
respectively correspond to imine, nitrile, nitrate. In the Ag3d spectrum, (1) respectively 
correspond to silver nitrate and silver oxide. 
 
In the C1s region shown in Figure 4.14 (A), the C1s spectrum has been deconvoluted 
in 3 peaks, with the largest one at 286.5 eV (1) accounting for 70% attributed to CN and 
plausibly CO bonds, while the peaks of similar intensity at 285.6 eV (2) and 287.1 eV (3) 
accounting each for 15% of the carbon bonds are respectively attributed to C-C bonds and to 







colour, typical for silver carbonate. However, bulk silver carbonate presents a peak at 288.5 eV 
on the C1s spectrum, which does not appear here [441].  
The O1s spectrum shown in Figure 4.14 (B) presents 3 contribution peaks after 
deconvolution, with a major peak at 532.6 eV (1) accounting for 91.3%, and two minor peaks 
at 534.3 eV (2) and 535.3 eV (3) that were respectively attributed to an imine structure, silver-
oxygen bonds and nitrate [434, 442].  
The N1s spectrum presented in Figure 4.14 (C) was deconvoluted into a major peak at 
400.3 eV (1) accounting for 58% of nitrogen bonds and attributed to an imine structure, formed 
by the bonding of a nitrate group on the nitrile group of PAN. The second major peak at 400.0 
eV (2) represents the nitrile group of unreacted PAN, which is consistent with the amount of 
silver nitrate added to the PAN-containing DMF solution [443]. Finally, the peak at 406.8 eV 
(3) representing 7% was attributed to nitrate bonds [434].  
The Ag3d spectrum shown in Figure 4.14 (D) is typical of a silver nitrate species, and 
shows a peak at 368.9 eV (1) for Ag3d 5/2, which is close to the reported value of 368.8 eV for 
silver nitrate [444]. However, the broadness of the peak with a full width at half-maximum 
(FWHM) of 2.1 eV is inconsistent with a bulk silver nitrate structure, suggesting another silver 
species is involved, presumably silver oxide, consistent with the O1s spectrum [442].  
XPS analysis was also carried on PAN-Cu electrospun web as shown on Figure 4.15, 








Figure 4.15. XPS spectrum of C1s (A), O1s (B), N1s (C) and Cu2p (D) for a PAN-Cu 
nitrate nanofiber web. In the C1s spectrum, (1), (2), (3) respectively correspond to C-C 
bonds, CO and CN bonds, CN triple bond. In the O1s spectrum, (1), (2), (3) respectively 
correspond to copper oxide, imine, nitrate. In the N1s spectrum, (1), (2), (3) respectively 
correspond to imine, nitrile, nitrate. In the Cu2p spectrum, (1), (2) respectively 
correspond to Cu (0) and Cu (I), Cu (II). 
A similar N1s and O1s spectrum can be observed compared to PAN-Ag nanofibers 
XPS study, however the C1s spectra exhibit a larger width and more distinct split features 
compared to the silver composite. 
The C1s spectrum presented in Figure 4.15 (A) shows here too an intense peak 







286.3 eV (2) indicating the presence of CO and CN simple and double bonds, while the peak 
at 286.7 eV (3) comes from the nitrile groups, accounting for 22% [411, 434]. 
The O1 s spectrum shown in Figure 4.15 (B) reveals a large contribution at 532.4 eV 
(2) accounting for 94.7% and attributed to part of an imine structure. The nitrate contribution 
is shown by a peak at 534.1 eV (3) representing 4.7%, while a slight contribution of 0.6% was 
attributed to the presence of copper oxide, with a peak at 530.2 eV (1) [434].  
The N1s spectrum shown in Figure 4.15 (C) as deconvoluted into three peaks showing 
the contribution of nitrate at 406.9 eV (3), while two close contributions at 399.69 eV (2) and 
399.68 eV (1) were attributed to nitrile and imine structures [434, 445]. It is believed that due 
to the larger proportion of PAN added to the solution compared to cupric nitrate, the 399.69 
eV contribution accounting for 61% of the nitrogen bonds is representing the nitrile groups. 
The Cu2p spectrum presented in Figure 4.15 (D) reveals an equal proportion in Cu (II) 
and Cu (I) species in the PAN-Cu nanofibers. Indeed, the Cu2p 3/2 peak was deconvoluted into 
2 major peaks, one at 932.63 eV (1), with a FWHM of 1.81 eV, accounting for 53.60 % and 
representing the Cu (I) species, and one at 934.77 eV (2), with a FWHM of 2.45 eV, accounting 
for 46.40 % and representing the Cu (II) species [411, 445]. The presence of copper as 
predominantly type (I) oxide and hydroxide would be consistent with a reaction of the nitrile 
groups forming imine structures and allowing the bonding of copper atoms to the polymer 
chain, with a proportion of free copper in the sol of DMF forming copper hydroxide. 
 
Figure 4.16 presents the XPS analysis on an electrospun PAN charged with Cu (II) and 








Figure 4.16. XPS spectrum of C1s (A), O1s (B), N1s (C), Ag3d (D), Cu2p (E) and Cu 
LMM (F) for a PAN-Cu/Ag nitrates nanofiber web. In the C1s spectrum, (1), (2), (3), (4) 
respectively correspond to C-C bonds, CO bonds, CN bonds, CN triple bond. In the O1s 
spectrum, (1), (2), (3) respectively correspond to metal oxide, imine, nitrate. In the N1s 
spectrum, (1), (2), (3) respectively correspond to imine, nitrile, nitrate. In the Ag3d 
spectrum, (1), (2), (3) respectively correspond to AgO, Ag2O, AgNO3. In the Cu2p 







If a similar C1s, O1s and N1s spectrum compared to single metal precursors PAN-Ag 
nitrate and PAN-Cu nitrate could be expected, some changes could be observed notably on the 
C1s spectrum, shown in Figure 4.16 (A). Indeed, the edge of the large C1s peak is distinctly 
split in 2 in the case of the PAN-Ag/Cu precursor, while it is not the case in single metal PAN 
precursors. The C1s spectrum was deconvoluted into 4 peaks. The C-C bonds showed a 
contribution of 28.5 % at 284.22 eV (1) for a FWHM of 1.10 eV, while C-O bonds accounted 
for 34.68 %, occurring at a binding energy of 286.22 eV (3) for a FWHM of 1.19 eV. Two 
more peaks at a respective energy of 285.10 eV (2) and 287.69 eV (4), for a FWHM of 1.22 
eV and 1.84 eV and accounting for 30.53 % and 6.29 % were attributed to carbon-nitrogen 
bonds from the unreacted PAN nitrile structure and reacted imine or single C-N bonds. 
Three peaks were found to contribute to the O1s spectrum, presented in Figure 4.16 
(B), namely two major peaks at 531.5 eV (1) and 532.3 eV (2) each accounting 48 %, and a 
minor peak at 534.0 eV (3) representing 4%. The minor peak corresponds to the presence of 
nitrate groups, while the two major peaks may be  attributed respectively to the presence of 
metal oxide and an imine structure [441, 445].  
The N1s spectrum can be deconvoluted into 3 peaks, presented in Figure 4.16 (C), 
respectively one at 399.2 eV (1) accounting for 75%, one at 401.4 eV (2) representing 11% and 
a third peak at 406.5 eV (3) accounting for 13%.  Those three peaks were also present in the 
single metal PAN-based precursors, and demonstrate the quantitative presence of imine, 
unreacted nitrile and nitrate groups, respectively. Indeed, imine and nitrile structures were 
reported in the literature for a respective binding energy of 399.0 eV ± 0.4 eV and 399.5 eV ± 
0.6 eV [441, 445]. A wider shift of 2.2 eV between the first two peaks can be observed 







and 0.3 eV, and may be attributed to the increased incorporation of nitrate salt between the 
precursors. 
On the Ag3d spectrum shown in Figure 4.16 (D) the Ag3d5/2 peak was deconvoluted 
into three contributions, respectively at 367.85 eV (1), 368.01 eV (2), and 368.16 eV (3) with 
a FWHM of 0.76 eV, 1.75 eV and 0.77 eV and accounting for 18.08%, 29.91 % and 12.05 %.  
Those three peaks indicate the presence of three types of silver bonds and valence and may be 
respectively attributed to AgO, Ag2O and AgNO3 structures, although the analysis of silver 
Auger parameter would be helpful to clarify the given peak intensities as significant errors are 
made possible by the narrow binding energy window. 
The Cu 2p spectrum presented in Figure 4.16 (E) shows contributions of different types 
of oxides, similarly to the single metal PAN-Cu precursor.  Contrary to the single metal 
precursor, from the two distinguishable contributions of the Cu 2p3/2 peak, the first one at 
932.38 eV (1) with a FWHM of 1.28 eV accounts for 9.28 % and can be suggested to be due 
mostly to Cu (I) oxide Cu2O, which is lower than the second contribution at 934.55 eV (2), for 
a FWHM of 2.52 eV, representing 41.42 %.  Indeed, Cu2O is reported in the literature to show 
a Cu2p3/2 contribution at 932.18 ± 0.12 eV for a FWHM of 0.98 eV at 20 eV pass energy, which 
is close to the obtained results, though indicating a possible minor participation of Cu metal 
due to the larger FWHM [411]. Concerning the largest peak, the binding energy is consistent 
with a Cu (II) species type oxide or hydroxide. However, the shape of the Cu LMM spectrum 
shown in Figure 4.16 (F) rather suggests the predominant presence of  Cu2O and Cu(OH)2, 
close to a Cu(OH)2 structure but with a weaker satellite, suggesting an influence of a Cu2O or 










4.2.2. Suitability of polymer/metal ratio for electrospinning 
 
4.2.2.1. Case of PVA-Cu (II) acetate 
 
The variations in the electrospinning precursor viscosity, surface tension and 
conductivity properties were investigated for a PVA-Cu (II) acetate precursor and presented in 
Table 4.2.  
Table 4.2. Variations in the viscosity, surface tension, conductivity and pH properties in 
function of the polymer to metal salt ratio for a PVA-Cu precursor. Conductivity and 
dynamic viscosity measured at 25°C and 150 rpm, 2.8 s-1 shear rate respectively. 
Ratio PVA:Cu (Wt%) Dynamic Viscosity (Pa.s) Surface Tension (mN/m) Conductivity (mS) pH 
100:0 2.23 35.71 0.43 5.91 
70:30 1.54 41.90 1.21 3.87 
60:40 1.92 48.35 2.40 4.06 
40:60 0.69 58.96 5.36 3.56 
 
A trend of gradual decrease in dynamic viscosity can be observed with increasing 
copper ratio from 0 to 40 wt%. These results are consistent with the formation of a sol-gel, with 
the cross-linking of PVA chains by copper atoms, following Equations (4.1, 4.2), producing 
water molecules. The cross-linking also favours the organization and alignment of the polymer 
chains in solution, thus resulting in better flowing and lowering dynamic viscosity. A dynamic 
viscosity of 2.23 Pa.s, here for a PVA precursor was evaluated on the higher end of the suitable 








The increase in the quantity of electric charges in the ionic liquid resulting from the 
addition of copper salt has for consequence the increase in the precursor surface tension and 
conductivity. For instance, surface tension and solution conductivity respectively increased 
from 35.71 mN/m and 0.43 mS for a pure PVA solution to 41.90 mN/m and 1.21 mS for a 
70:30 PVA:Cu ratio. A conductivity of 0.43 mS was found in the lower range of suitable 
conductivities for electrospinning due to the lower charge density affecting jet whipping and 
dripping during electrospinning [424, 425]. Surface tension and solution conductivity are 
properties of the precursor impacting directly on the occurrence of jet instabilities, including 
Rayleigh instability, and the axisymmetric and whipping conducting instabilities [424]. Studies 
reported that during electrospinning, the electric field produced by the surface charge, normal 
to the jet, was slightly larger than the tangential electric field [424]. As the asymmetrical 
instability is due to tangential electrical sheer stresses at the surface of the jet and the cone, this 
results in the suppression of the axisymmetric instability in favour of the jet whipping 
instability, at high voltage and for highly conductive precursors [424, 425]. These results are 
consistent with the instabilities occurrence observed in this study. In the case of a 40:60 
PVA:Cu ratio precursor, a significant increase in surface tension and solution conductivity up 
to 58.96 mN/m and 5.36 mS was observed, due to the presence of copper acetate unbounded 
to PVA. At a 12 kV absolute voltage and 20 cm distance, which is an electric field configuration 
widely used for electrospinning of PVA, Rayleigh instability was observed. At the same 
distance and 18 kV absolute voltage, jet whipping from a distance close to the needle-tip 
occurred. The same precursor also exhibited a significantly decreased dynamic viscosity, hence 







Table 4.3 presents the same precursor characteristics for an aqueous solution of copper 
(II) acetate with and without surfactant. The chosen surfactant was Pluronic F 127, and was 
chosen to modulate the surface tension, conductivity and viscosity for electrospinning.  
 
Table 4.3. Variations in the viscosity, surface tension, conductivity and pH properties in 
function of the precursor composition, respectively PVA:Cu, Cu (II) acetate, and 
Pluronic F127: Cu (II) acetate. Conductivity and dynamic viscosity measured at 25°C 
and 150 rpm, 2.8 s-1 shear rate respectively.  
Name pH Conductivity (mS) Surface Tension (mN/m) Dynamic Viscosity (Pa.s) 
PVA (60) : Cu (40) 4.06 2.40 48.35 1.92 
Cu acetate (100) 4.66 12.66 58.84 0.06 
Pluronic (75) : Cu acetate (25) 4.88 3.80 36.30 13.70 
 
While a large proportion of Pluronic F127, in a ratio 3:1 with metal acetate, brings the 
solution conductivity and surface tension to a spinnable domain, the dynamic viscosity (for a 
shear rate of 2.8 s-1) is significantly high, at 13.70 Pa.s. However, the dynamic viscosity was 
found to decrease to 0.49 Pa.s for a shear rate of 120 s-1. Nevertheless, the precursor was found 
too fluid under electrospinning conditions, which resulted in no jet formation, as can be seen 
in the SEM micrographs presented on Figure 4.17. Instead, copper-salt crystals of various sizes 
and up to several µm formed on the collector. This result indicated the need for a sacrificial 








Figure 4.17. SEM micrographs of an electrospun Pluronic F127 – Cu (II) acetate 
aqueous precursor. Structure electrospun at 15 kV absolute voltage, 20 cm distance, 0.5 
mL/h feed rate and 21G needle. 
 
 
Figure 4.18 shows the microcrystals formed in a PVA-Cu (II) acetate precursor after aging at 
room temperature for 12h, due to the shifting of the sol-gel equilibrium and the promiscuity of 
copper atoms. The formation was found to vary in size from approximatively 1µm up to 6 µm 










Figure 4.18. Microscope image of copper-based crystals forming inside the precursor-
delivering syringe after 6 hours of electrospinning at ambient temperature. 
 
Figure 4.19 shows a TEM micrograph of the 60:40 PVA:Cu precursor, demonstrating 
the homogeneity of metal ion inclusion by sol-gel process. As opposed to a polymer loaded 
with a metal salt precursor, which would have entailed electrospinning challenges due to the 
action of electrostatic forces on the free ions resulting in secondary jets during solvent 
evaporation, the obtained nanofibers show a one phase distribution, ensuring a homogeneous 
distribution of the metal atoms along the fiber hence a non-localized anti-microbial effect. 
 
 
Figure 4.19. TEM micrograph of an electrospun PVA-Cu II acetate precursor (60-40 
Wt%). 
For the rest of this Thesis, the precursor with 60:40 PVA:Cu ratio will be used. The 
viscosity, surface tension, conductivity and pH respectively of 1.92 Pa.s, 48.35 mN/m, 1.71 
mS and 4.06 were shown to be suitable for electrospinning, making the precursor less prone to 







4.2.2.2. Case of other precursors 
 
Table 4.4 presents the different visco-electric characteristics for the different 
precursors electrospun, and includes the respective metal to polymer ratios. This metal to 
polymer ratio was first chosen in function of the metal salt solubility, then the organic/metal 




Table 4.4. Variations in the viscosity, surface tension, conductivity and pH properties 
for different inorganic composite precursors. Conductivity and dynamic viscosity 













PVA-Ni 24 :76 15.8 2.5 33.2 0.55 3.35 
PAN-Ag 59 :41 5.1 X 41.65 1.16 X 
PAN-Cu 57 :43 6.4 X 35.60 1.30 X 
PAN-
Cu/Ag 
50 :25 :25 
Cu 2.5 
Ag 2.5 
X 45.2 1.10 X 
PVA-
Cu/Ni 
43 :12 :45 
Cu 2.5 
Ni 10 
2.3 35.1 0.58 3.4 
 
It can be observed that electrospinning was performed on precursors with a surface 
tension ranging between 31.50 mN/m and 45.2 mN/m, a conductivity around 2.0 mS, for a 
dynamic viscosity from 0.55 Pa.s up to 1.16 Pa.s. Solution conductivity and pH were not 







Figure 4.20 presents the survey XPS spectrum for all electrospun inorganic composites 
nanofibers analysed in the previous section.  
 
Figure 4.20. XPS survey spectrum for PVA-Cu (A), PVA-Ni (B), PVA-Cu/Ni (C), PAN-








Other than polymer, it shows different metal content in At% at the surface of the fiber 
webs. Both PAN-Ag and PVA-Cu exhibit a metal content around 3% at the fiber surface, while 
PAN-Cu shows a content of 1.2%, indicating a slower migration of copper ions towards the 
surface of the nanofiber. PVA-Ni shows a metal content of 7.6%, which is consistent with the 
high metal loading in the precursor (PVA 24: Ni acetate 76 Wt%). The bi-metallic PVA-Cu/Ni 
exhibit 10.5% of Ni against 1.2 % of Cu, for a 3:1 ratio. This result is consistent again with the 
higher nickel loading, but also tends to indicate that nickel moved faster towards the nanofiber 
surface than copper. Nickel is slightly lighter than copper, with a respective atomic mass of 
58.693 u and 63.546 u. Electrostatic interactions may explain the larger propensity of nickel at 
the fiber surface. 
 
4.3. Summary and outcomes 
 
In this Chapter were first discussed the electrospinning instabilities encountered and 
their likely causes in regard to a conductive precursor such as a polymer-metal sol-gel. It was 
found that the entrapment of metal atoms in a sol-gel enabled a relative smooth electrospinning 
compared to free metal loading, where under the application of an electric potential the 
Coulomb forces lead to a speciation of the jet. The finding of the trade-off between metal and 
polymer content in the precursor was crucial to obtain both a fibrous morphology from the 
polymer template and limit the electrospinning in-homogeneities from the metal ions presence. 
A high loading in metal salt, over 30 % in weight, is however required to ensure a sufficient 
promiscuity of the metal atoms within the nanofibers to produce continuous metal-based 







to evidence the bonding between polymer and metal salts and revealed that a minor portion of 
metal ions is present at the nanofiber surface.  
This Chapter comes as a prelude to the fabrication of metal-metal oxide nanofibers, 
with the thermal treatment of the electrospun composite nanofibers presented in the following 
Chapter 5. The resulting continuous fiber morphology after annealing testifies of the suitable 
choice of polymer/metal salt couple with a homogeneous distribution of metal ions within the 
composite nanofiber. Furthermore, the up-scalability of polymer-metal sol-gel electrospinning 
has been investigated using the Nanospider®, which study is presented in Appendix 1.  Such 
composite nanofiber membranes with the presence of metal at the nanofiber surface combined 
with the flexibility of polymer nanofibers and narrow pore size and fiber diameter distribution 
conferred by electrospinning, are promising candidates for active separation applications. A 
study on the application of composite nanofibers in bactericidal air and water microfiltration 







Chapter 5. Synthesis of surface reactive copper/copper 
oxide nanofibers 
 
The surface reactivity of nanomaterials was shown to differ from macro-scale materials 
due to enhanced surface to volume effects [447]. A significant fraction of the total number of 
atoms are present readily across the surface of a nanocrystal, impacting considerably on the 
material overall properties thus leading to larger densities of vacancies and thus supporting 
abnormal plasmonic diffusion compared to bulk crystals [67, 447].  
Shape and size of metal nanocrystals thus play a major role in the adsorption 
capabilities of metal-based nanofiber webs, both in terms of electronic states and chemical 
properties. In terms of electronic states, for the variation in electronic properties was shown to 
vary either with the asymmetrical organization of the crystal structure, thus shape-dependent, 
or either with lattice organization, coming from the unneglectable contributions from the 
crystal surface, thus size-dependent [447]. Whereas in terms of chemical properties, the crystal 
shape and size were correlated to the number of atoms present at the edges and sharp corners, 
and the number of atoms present on the crystal surface [67, 447]. Since the density of 
coordinatively unsaturated metal cations at a nanocrystal surface can be directly linked to its 
surface reactivity and adsorptive behaviour of the material, a control in the crystal oxidation 
layer thickness as well as metal atom local coordination can thus be deemed essential in the 
synthesis of metal-based reactive adsorbent nanomaterials [448]. In addition, heavy metal ion 
adsorption via electron interaction by transition metal-based surfaces may involve oxygen 
reduction reaction (ORR), implying that a transition metal rather than oxide is desired, in order 
to successfully catalyse ORR in aqueous medium [220, 448]. Regardless, the adsorption energy 







with the s and d states of metal atoms, while in the case of transition metal oxides, it is primarily 
contributed from the coupling of adsorbate with the highest occupied d state within the metal 
cations, hence resulting in a lower surface reactivity [448]. The control of the metal/metal oxide 
nanofiber oxidation degree is therefore crucial for the heavy metal ion adsorption performance. 
In this Chapter, two specific annealing routes have been investigated to remove the 
polymer electrospinning template from the composite nanofibers and initiate metal crystal 
growth. The first annealing route investigated has been often partially reported in the literature, 
and consists of an under air or nitrogen annealing, ensuring high yields of polymer removal 
and crystallization, followed by a thermal reduction step under partial hydrogen atmosphere to 
limit the oxidation promoted in the first step. The second annealing route investigated consists 
of a one-step annealing under reductive atmosphere, thus limiting the yields of polymer 
removal compared to the previous route for a given temperature, but also suppressing oxidation 
in comparison, with a crystal growth undisturbed by oxygen chemisorption.  
The aim of this Chapter is to critically discuss the impact of the chosen metal/metal 
oxide nanofiber web fabrication route on the resulting size and shape of metal crystals or grains, 
as well as on the fiber composition with the determination of metal local coordination and 
oxidation layer thickness, in order to enhance the surface reactivity of the synthetized 
copper/copper oxide-based nanofiber adsorbents. To our knowledge, such in-depth study of 
metal/metal oxide nanofiber synthesis from electrospun composite webs has not been reported 
yet in the literature.  
Furthermore, the fabrication of multi-metal nanofibers was considered to improve the 
nanofiber surface reactivity and provide an additional functionality to the adsorbent material. 
Particularly, the fabrication of copper-nickel nanofibers was considered to further induce a 







catalytic potential of nickel oxide for water separation to generate protons as well as for the 
potentially required metal ion decomplexation in effluents [449, 450]. Thus, in a third section 
of this Chapter is discussed the challenges involved in the promiscuous growth and further 
alloying of different metal/metal oxides. 
 
5.1. Annealing under air followed by thermal reduction 
 
The thermal route on polymer-metal composite nanofibers the most reported in the 
literature is divided in two steps, defined by an under air or inert atmosphere annealing which 
can be followed by thermal reduction [313, 325, 350, 451]. This section presents the study of 
the impact of temperature on fiber and crystal morphology, structure and composition for each 
atmosphere, and aims to deepen the structural understanding of as-synthetized copper/copper 
oxide nanofibers from a composite PVA-Cu nanofiber web.  
 
5.1.1.  Influence of temperature on the kinetics of polymer degradation and 
copper oxide crystallisation 
 
5.1.1.1. Fiber morphology 
 
This section aims to observe how the dual kinetics of thermal polymer degradation and 








The morphology of nanofiber webs as a function of the under-air annealing 
temperature, respectively at 150°C, 250°C, 400°C, and 500°C is presented in Figure 5.1.  
 
Figure 5.1. SEM micrographs of a PVA-Cu electrospun fiber annealed under air 
atmosphere at a 3°C/min ramp and 1h plateau respectively at 150 °C (A), 250°C (B), 
400°C (C), and 500 °C (D). 
It can be seen that the homogeneity of the web morphology is conserved through 
annealing at these temperatures. The fiber porosity is significantly increased in the case of 
400°C and 500°C annealing temperatures, for the fiber pores can be seen at a 5 µm 
magnification. A cross-sectional view of the PVA-Cu fiber web annealed at 500°C is shown in 
the Appendix 3 (Figure A3.1), and clearly shows a hollow crystalline fiber structure, thus 
attesting of the PVA removal [452]. Occasional fiber sintering was observed after annealing at 
400°C, resulting from the annealing of a local electrospinning precursor droplet, leaving a 







Nonetheless, the homogeneity in fiber morphology was found well-preserved after air 
annealing, further attesting of the one-phase homogeneity of electrospun fibers from a PVA-
Cu acetate system [453, 454]. Furthermore, the fiber web porosity was also found preserved 
and even increased from the decrease in fiber diameter induced by air-annealing, presented 
further below.  
A TEM and TGA analysis were further carried out to observe the copper crystal 
formation and coalescence, as well as to monitor the copper cross-linked polymer removal in 
function of annealing temperature. The results of the TEM study of air annealed PVA-Cu 
nanofiber variation in morphology is presented in Figure 5.2, as a function of annealing 











Figure 5.2. TEM micrographs of one PVA-Cu electrospun fiber (A), annealed ex-situ 
under air respectively at 200 °C (B), 400°C (C), 500°C (D), 700°C (E) and 1000 °C (F). 
 
Discrete clusters can be seen at the surface of the fibers after annealing at 200°C. With 
increasing temperature to 400°C and 500°C, the thermal crystal growth process led to the total 
covering of the fiber surface by copper-based crystals and the building of a hollow fiber core 







PVA-Cu nanofibers performed under Nitrogen is shown in Appendix 3 (Figure A3.2), and 
revealed a start in polymer degradation from 120°C, before a significant acceleration in the 
degradation kinetics starting from 180°C, and reaching a degradation temperature of 450°C. 
As less than 5% was monitored for a 400°C temperature, it can be reasonably assumed that all 
PVA was degraded after annealing at 400°C and 500°C leaving the fiber core empty as the 
freed copper atoms move towards the surface [455]. Crystal shape appears to vary but is in 
general consistent with a monoclinic CuO structure [456]. The annealed fiber morphology 
changes radically after annealing at 700°C and 1000°C, showing grain necklaces of indistinct 
shape and variable size. The relation at the grain boundaries was found to change with the 
increase of annealing temperature, with the generalised fusion between grains after annealing 
at 1000°C.  
Figure 5.3 presents the variation in both crystal or grain size and average fiber diameter 
as a function of annealing temperature.  
 
Figure 5.3. Fiber diameter (nm) and grain size (nm) as a function of annealing 








The increase in crystal size with increasing temperature can be seen to follow two linear 
trends from 200°C to 500°C with a slope of 0.07 and a steeper trend from 700°C to 1000°C 
with a slope of 0.14. Measured at 8 nm after annealing at 200°C, the average crystal size then 
increased to 20 nm and 31 nm after annealing at 400°C and 500°C, before stepping up to 130 
nm and 174 nm for 700°C and 1000°C. Crystal size distribution appears to grow less 
homogeneous with the temperature increase as the grain growth process becomes more and 
more predominant. 
Regarding fiber diameter, a sharp decrease between 376 nm after electrospinning and 
105 nm after 200°C annealing is observed, and can be correlated to a faster PVA degradation 
under air than monitored by TGA analysis under nitrogen. Fiber diameter is then seen 
plateauing around 100 nm after 400°C annealing and increasing with the overtaking of grain 
growth processes to respectively 123 nm, 175 nm and 190 nm for 500°C, 700 °C and 1000°C 
annealing temperatures. The significant fiber expansion to diameters above 175 nm thus 
suggests crystal agglomeration between neighbour fibers. 
Analysis 
The crystal formation and coalescence could thus be defined in three stages with 
increasing temperature. The first step of copper nucleation and cluster formation can be imaged 
to initiate before 200°C, for the fiber after annealing at 200°C shows discrete 8 nm crystals on 
its surface. The second step of crystal growth with ongoing supply of copper atoms as more 
PVA-Cu acetate is degraded was then observed to happen until an annealing temperature of 
500°C, as the fibers are imaged with surface crystals growing in size and a hollow interior is 







migration towards the fiber surface [455, 457]. A third stage of grain growth was then imaged 
after annealing between 500°C and 700°C and up to 1000°C.  
5.1.1.2. Fiber composition and copper oxidation degree 
 
This section first presents the contribution of the copper oxidation states from the fiber 
bulk and surface, in order to assess the types of oxidation at stake during the fiber crystallisation 
stage until 500°C. To do so, X-ray near edge spectroscopy (XANES) analysis was performed 
on the acquired X-ray absorption spectroscopy (XAS) data at the Australian Synchrotron. The 
XANES technique via linear combination fitting (LCF) of selected standards by probing the 
local oxidation state of the copper atoms provides the fiber bulk composition in copper and 
copper oxides.  
The XAS spectrum of air annealed PVA-Cu nanofibers for 150°C, 250°C and 500°C 









Figure 5.4. XAS spectra comparison at the Cu K edge for PVA-Cu composite nanofibers 
annealed under air (A), with copper salt and oxides reference spectra (B). 
 
While no pre-edge feature can be distinguished in the electrospun PVA-Cu nanofiber 
spectrum, a distinct feature can be observed on the annealed fibers, which is typical of 
crystallised copper and copper oxide, by comparison with the reference spectrum. The post-
edge region can be seen to significantly vary between the electrospun and 150°C annealed 
fibers, with the obtained scattering oscillation combined to the dissociated absorption peak 







post-edge pattern is not preserved with increasing temperature, for the fibers annealed at 250°C 
and 500°C show a very similar post-edge scattering that by comparison with the reference 
spectrum indicates the dominance of copper (II) oxide.  
The variation in copper salt, metal and oxide was further quantified using the LCF of 
the near-edge region, with the results presented in Table 5.1. The fits are also shown in 
Appendix 3 (Figure A3.3).  
Table 5.1. XANES results for the study of the under-air annealing of PVA-Cu composite 
nanofibers obtained by Linear Combination Fitting (LCF). Graphs of near edge spectra 
and LCF fit are shown in Appendix 3 (Figure A3.3). 
PVA-Cu nanofibers Composition (at %) Accuracy 
Electrospun Cu(CH3COO)2 8.2 % 
CuO 86.9 % 
Cu 4.8 % 
R factor – 0.0049 
Red. χ2 – 0.00095 
Air Annealed – 150 ᵒC Cu 75.9 % 
CuO 24.1 % 
R factor – 0.0523 
Red. χ2 – 0.0102 
Air Annealed – 250 ᵒC CuO 100 % 
 
R factor – 0.00198 
Red. χ2 – 0.00031 
Air Annealed – 500 ᵒC Cu(CH3COO)2 1 % 
CuO 99 % 
R factor – 0.00597 
Red. χ2 – 0.00122 
 
Annealing temperature can be seen to impact the level of copper oxidation within the 
fibers, with a concentration in CuO of 24, 100 and 99 at % for 150°C, 250° and 500°C annealing 
temperatures. The presence of copper at 76 at % in the annealed fibers at 150°C could indicate 
the release of Cu (0) atoms from the PVA-Cu amorphous complex. However, the highest 
accuracy obtained after 150°C annealing is translated by a R factor of 0.05, thus indicating the 
significant presence of another copper oxide species. An intermediary copper oxidation state 
from the oxidization reaction from Cu to CuO could be causing the fitting discrepancies, 







factor obtained for annealed fibers at 500°C was found to be 0.006, which is still reasonably 
high, and though it could have been thought that a non-generalized oxidation would have led 
to a minor presence of Cu2O, the best fits were obtained when not considering it.  
Though the XANES analysis provided an idea regarding the presence of copper 
oxidation states, an in-depth XPS profile study on fibers annealed at 500°C was acquired and 
presented in Figure 5.5 to clarify and quantify the amount of copper (I) and copper (II) present 
and verify the thickness layer or total oxidation of the 31 nm copper-based crystals composing 
the fibers. 
 
Figure 5.5. XPS Survey (A) and C1s (B) spectrum for a PVA-Cu nanofiber web annealed 
under air at 500°C respectively at 0 nm, 20 nm, 40 nm, 60 nm and 80 nm depth. In the 









Figure 5.5 (A) presents the variation in the XPS survey spectrum for a PVA-Cu 
nanofiber web annealed at 500°C respectively at 0, 20, 40, 60 and 80 nm depths. The C1s 
contribution peaking at 285 eV can only be properly distinguished on the surface spectrum, 
accounting for 46 at %, before decreasing steadily in concentration with increasing depth to 
respectively 16, 13, 11 and 9 %. The low concentration of carbon below the surface is 
consistent with the degradation of PVA and acetate groups. The oxygen peak contribution O1s 
at 530 eV can also be distinguished between the surface and below the surface, with a 
concentration of 46% at the surface and a steady concentration of 54% below it at all depths. 
Regarding the Cu2p spectrum, the typical spectrum of dominant Cu (II) species can be seen on 
the surface spectrum, with the strong scattering of the Cu2p satellites. However, a different 
spectrum is observed for in-depth spectrum, indicating the overtaking of Cu (I) or even Cu (0) 
species. Copper concentration was found to increase with increasing depth, from 11% at the 
surface to respectively 30, 34, 36, and 37% at 20, 40, 60 and 80 nm depths.  
The variation in the C1s spectrum as a function of depth is shown in Figure 5.5 (B). 
Three deconvolutions were made and attributed to C-C bonds (1), C-O bonds (2) and copper 
carbonate (3) respectively around 284.7 eV, 286.1 eV and 289. 7 eV [441]. The concentration 
in C-C bonds was estimated to vary from 70% at the surface down to 47 and 20 % at 
respectively 20 and 40 nm depths before increasing again to 33 and 61% at 60 and 80 nm 
depths. While the decreasing trend  observed between the surface and in-depth is consistent 
with the presence of adventitious carbon, the increasing trend in concentration observed at 60 
and 80 nm depths can be correlated to the hollow fiber morphology, attributing the higher 
concentration in C-C bonds to surveying the surface of the hollow core, consistently with the 







not found to follow a single trend with increasing depth. Accounting for 4% at the surface, the 
concentration in C-O bonds was found to fluctuate at 31, 58, 45 and 17% respectively with 
increasing depth. The increase in the C-O bond concentration for 40 and 60 nm depths were 
consistent with the location of the interior walls surface and thus with the location of left-over 
polymer or salt degradation products. Also, the peak FWHM was found to increase from 1.1 
to approximatively 2 respectively at and below the surface, which can also be consistent with 
a minor contribution of CO double bonds overlapping the C-O bond contribution. Finally, the 
copper carbonate contribution was found to remain constant at 22% with increasing depth, with 
a slight decrease from the 26% concentration at the surface. 
 
Figure 5.6. XPS O1s (A) and Cu2p (B) spectrum for a PVA-Cu nanofiber web annealed 
under air at 500°C respectively at 0 nm, 20 nm, 40 nm, 60 nm and 80 nm depth. In the 







defective CuO, CO with copper carbonate, and defective Cu2O. In the Cu2p spectrum, 
(1), (2), (3) correspond respectively to Cu (0)/Cu2O, CuO and copper carbonate.  
 
The variation in the O1s spectrum with increasing depth is presented in Figure 5.6 (A). 
The presence of the NaKLL Auger satellite at 536 eV results from Na surface contamination. 
The surface spectrum was deconvoluted in three contributions at 529.8, 530.2 and 531.8 eV. 
The contribution at 531.8 eV regroups both contributions of copper carbonate and C-O bonds 
(3), as their binding energy overlaps in the 531.5 – 532 eV window, and was estimated to 
account for 58 % [459]. The contribution at 530.1 eV with a peak FWHM of 0.91 eV was 
attributed to lattice CuO (2), accounting for 34%, while the contribution at 529.8 eV with a 
peak FWHM of 1.1 eV was attributed to lattice Cu2O (1), accounting for 6% [460]. 
An increasing shift in binding energy can be observed with increasing depth for the 
contribution attributed to CuO, scattered at 530.2 and 530.6 eV for 20 and 40 nm depth before 
plateauing at 530.7 eV at 80 nm depth. This shift in binding energy can be correlated to the 
increase in the electronegativity of the oxygen atom [461]. It was thus thought that a minor rise 
in defective CuO with increasing depth could be consistent with the observed energy shift, as 
well as the decreasing oxidation efficacy. In the literature, defective CuO was reported for a 
binding energy of 530.99 eV with peak FWHM of 2 [460]. The total CuO contribution was 
estimated to account for 48 % at 20 nm depth before plateauing around 5 % with increasing 
depth.  
The lattice Cu2O (1) contribution at 529.8 eV with a constant FWHM of 1.2 eV was 
monitored to increase from 6% at the surface to 23, 42, 51 and 44% with increasing depth, 
which is consistent with reduced oxidation. Also, a rise in defective Cu2O (4) is believed to 







oxygen and copper carbonate was found shifted down in binding energy to 531.4 eV and of 
increased FWHM to 3.0 eV with increasing depth. It can thus be suggested that a rise in 
defective Cu2O, which is reported in the literature at 531.6 eV with a FWHM of 1.3 eV, is 
overlapping the CO and potential carbonate contributions at theses depths [460]. 
 
Figure 5.6 (B) presents variations observed in the Cu2p spectrum with increasing 
depth. On the surface spectrum, the presence of the Cu2p satellites with strong scattering 
intensity indicates a major presence of Cu (II) species, while the peak dissociation on the 
Cu2p3/2 satellite is characteristic for a CuO structure [460]. So, as the satellites on the surface 
spectra showed a dominant CuO structure for the presence of Cu (II) species, a ratio of the 
contribution of Cu (II) to Cu (I) + Cu (0) was calculated by doing a ratio of the satellite and 
main peak areas and comparing to the ratio for a pure CuO spectrum, which was determined to 
be 1.89, in concordance with the literature [460]. The proportions in Cu (II) and in Cu (I) +Cu 
(0) can thus be expressed following Equation (5.1, 5.2): 
% [𝐶𝑢 (𝐼𝐼)] = 100 ∗





,   (5.1) 
%[𝐶𝑢 (𝐼) + 𝐶𝑢 (0)] = 100 ∗






Where A, B respectively stand for the area of the main and satellite peaks, and 
𝐴𝐶𝑢𝑂
𝐵𝐶𝑢𝑂
⁄  stand for the calculated ratio of the main peak area over the satellite peak area for 
a reference sample of pure CuO, calculated to be 1.89 [460]. 
The concentration of CuO over the combined Cu (I) and Cu (0) contributions was 







to 80 nm. This decreasing trend is consistent with an oxidation layer of the annealed fiber, and 
considering its high porosity and morphology of multi-layer crystals of an average of 31 nm in 
size. The oxidation mechanism involved would be conferring a total CuO structure for the 
crystals at the surface, whereas only a substantial CuO layer would recover the crystals below, 
with the crystal oxidative layer thickness decreasing with increasing depth.  
 On the surface spectrum, the Cu2p3/2 peak was deconvoluted in two major 
contributions at 935.4 eV and 933.8 eV. The first contribution at 933.8 eV was attributed to 
CuO (2), while the contribution at 935.4 eV was attributed to copper carbonate (3), with the 
plausible participation of Na and Cl copper bonds from surface contamination, as for instance 
CuCl2 was reported to scatter at 935.2 eV [441, 460]. 
 Below the surface, the contribution in copper carbonate was therefore not deemed 
significant. The CuO contribution at 933.8 eV was estimated to account for 43, and 38 % 40 at 
20 and 40 nm depth, which result is rather consistent with the satellite/main peak area ratio for 
20 and 40 nm depths. Furthermore, peak FWHM was recorded invariant at 1.99 eV, which is 
consistent with the 2.07 eV reported in the literature [460]. Then an energy shift was recorded 
with increasing depth, for the Cu (II) contribution scattered at 933.6 eV and 933.4 eV at 60 and 
80 nm depths, accounting for respectively 40 and 44%. The slight increase in Cu (II) at 80 nm 
depth was also recorded in the study of the ratio of the satellite/main peak areas, accounting 
for 23 % at 60 nm and 26 % at 80 nm, and is consistent with the study of the O1s spectrum as 
well. Considering fiber morphology, this increase in Cu (II) at 80 nm depth may be explained 
by the crystal position along the fiber hollow core.  
The combined contribution of Cu (I) and Cu (0) species (1) was reflected by a peak at 
932.8 eV and was detected for all depths below the surface [460]. The concentration in Cu 







study of the O1s spectrum, a significant presence in both lattice and defective Cu2O accounts 
in the Cu (I)/Cu (0) contribution.  
 
 
5.1.1.3. Crystal structure 
 
Following the analysis in the quantification of the different copper oxidation states after 
annealing under air, a structural study was performed by high energy X-ray diffraction (HE-
XRD) and presented below, aiming to help further the understanding of copper thermal crystal 
coalescence under air atmosphere.  
Results 
Figure 5.7 presents the variation in HE-XRD spectra for the air-annealed PVA-Cu 












Figure 5.7. XRD patterns for an annealed PVA-Cu composite nanofiber web under air, 
respectively at 200°C, 500°C, and 700°C (bottom to top) with their corresponding 
diffraction pattern (right). Indexation of peaks from imported cif files from the COD 
database, CuO (cif n°1011148, monoclinic, a=4.65 Å, b=3.41 Å, c=5.11 Å, α=γ=90°, 
β=99.5°, cell volume 79.9 Å3). 
 
All diffraction spectra corresponded well with the indexation of a monoclinic CuO 
structure, consistently with the XANES analysis, however with the recorded presence of Cu2O 
and copper acetate [462, 463]. 
A wide diffraction peak can be observed for a 2θ of 7° and FWHM of 5°, and 
corresponds to amorphous copper acetate salt [462]. The decrease in intensity of the copper 







degradation of acetate groups and copper crystallisation. In the spectra obtained after 200°C 
annealing, two diffraction peaks at 37° and 42° could be observed, and are consistent with the 
presence of cubic Cu2O impurities showing respectively (111) and (200) phases [463]. A shift 
in the diffraction peaks associated to the (113), (311) and (004) phases respectively at 60°, 69° 
and 71° could be observed compared to the spectra obtained after annealing at 200°C. 
Furthermore a double-peak can be observed for the CuO (-111) phase, which is consistent with 
an overlap with cubic Cu2O (111) phase [463].  
No significant intensity variation was observed for the diffraction peaks with the 
increase in temperature, and all spectra showed the presence of CuO (110), (-111), (111), (-
112), (-202), (020), (202), (-113), (022), (311), (220) and (004), with (111) being the 100% 
peak. The presence of the different phases also indicates of the non-preferential orientation of 
metal oxide crystals [464, 465]. 
Analysis 
An annealing temperature of 500°C ± 25°C was chosen for the achieved degradation of 
polymer and acetate groups, and the fairly homogeneous crystal shape and size distribution 
obtained, conferring a homogeneous general fiber morphology. A higher annealing 
temperature would have resulted in hardly reproducible fiber webs due to the random in size 
grain growth process and the neighbouring fiber sintering affecting the fiber web contact 
surface. Nonetheless, the fiber hollowness character of PVA-Cu nanofibers annealed at 500°C 
makes them brittle and unpractical for handling. However, a Cu (0) valence state is desired to 
adsorb and reduce heavy metal ions [448]. Thus, a second thermal procedure under reductive 








5.1.2. Limitation of oxidation degree via thermal reduction and influence of 
temperature on the fiber morphology 
 
5.1.2.1. Fiber morphology 
 
This section presents the variation in morphology of the reduced air-annealed 
nanofibers and nanofiber web respectively, in regards to the reduction temperature, in order to 
successfully reduce the copper oxide crystals as well as reinforce the fiber structure.  
A SEM study was first carried out to show the fiber web morphology of the reduced 
CuO nanofiber webs, previously annealed under air at 500°C, for two reduction temperatures, 
and is presented in Figure 5.8.  
 
 
Figure 5.8. SEM micrographs of a PVA-Cu nanofiber web annealed under air at 500°C 
and reduced respectively at 300 °C (A), and at 300 °C then 600 °C (B). 
 
Thermal reduction of copper oxide was performed at 300°C, following reports in the 
literature for nanofiber fabrication and copper oxide reduction [350, 455]. Indeed, a 
temperature of 300°C was reported to allow for the evolving of hydrogen and water vapour 







procedure consisting of a first reduction plateau at 300°C and followed by a second at 600°C 
was also performed, aiming at strengthening the fiber structure through a controlled grain 
growth process, smoothing the crystal high-angle boundaries to confer the nanofiber web with 
a mechanical stability suitable for handling.  
The fiber web morphology obtained after a single reduction at 300°C is shown in 
Figure 5.8 (A). It can be noticed that the fibers showed a degree of surface texturation from 
the surface oxygen removal, but the web structure also presents random flower-like crystal 
structures and nanorod bundles, which can be consistent with the growth of copper crystals and 
copper chalcogenides [463, 466]. This fiber morphology attests that the copper oxide reduction 
was to a degree successful, but that yet the fiber web reproducibility was challenged by the 
random surface crystal population, as well as the unpractical fragile handling. To tackle these 
issues, a second thermal procedure at 600°C was taken on after the 300°C reduction to sinter 
together the fiber reduced copper crystals, with the fiber web morphology presented in Figure 
5.8 (B). The fiber web shows a significantly different morphology compared to the single 
reduced nanofibers, with a less micro-textured fiber surface in comparison. A further 
investigation of the fiber morphology after reduction on air-annealed fibers was done by TEM 
shown below. 
Figure 5.9 (A, C, E) presents TEMs of a 500°C air annealed PVA-Cu nanofiber after 
reduction at 300°C, and to compare the TEMs of an air annealed nanofiber after reduction at 









Figure 5.9. TEM micrographs of one PVA-Cu electrospun nanofiber annealed under air 
atmosphere at 500°C and reduced respectively at 300 °C (A, C, E) and at 300°C then 
600°C (B, D, F). 
 
No significant change in fiber diameter between 500°C air annealing and 300°C 
reduction can be observed, going from 128 ± 15 nm to 125 ± 4 nm, but the fiber core is no 
longer visible through transparency on the reduced fiber, which difference in opaqueness 







be consistent with a change in copper oxidation state [467]. Furthermore, the possible fibre 
core filling after reduction can be explained by the water vapour produced by hydrogen 
reduction of CuO, thus relaunching a crystal coalescence process within the fiber [378, 379].  
A retraction of the fibers was observed after reduction at 300/600°C, with the average 
fiber diameter going from 125 ± 4 nm after 300°C reduction to 107 ± 9 nm. This retraction is 
likely to be caused by the occasioned grain growth resulting in fibers composed of a single 
grain thickness, yet of relatively homogeneous diameter compared to the 700°C in air annealed 
nanofibers.  
5.1.2.2. Copper oxide reduction 
 
A second XANES and XPS depth profile study of the 500°C air annealed PVA-Cu 
nanofibers after reduction at 300/600°C was performed to quantify the degree of reduction of 
copper oxide crystals as well as to evaluate again the oxidative layer thickness after reduction.  
Results 
Figure 5.10 shows the XAS spectrum of PVA-Cu nanofibers after electrospinning, 









Figure 5.10. XAS spectrum comparison at the Cu K edge for PVA-Cu composite 
nanofibers annealed under air (A) or under reductive atmosphere (B), annealed under 
air and reductive atmosphere (C), and copper salt and oxides reference spectra (D). 
 
The two reduced structures show a significantly different spectrum compared to the air 
annealed fibers, with a near edge peak and post-edge scattering similar to the Cu2O reference 
pattern for a 300°C reduction, and a distinctive split absorption peak and more intense post-
edge scattering characteristic of the Cu reference pattern for a 300/600°C reduction. The 







The results of the LCF fitting for the two reduction pathways applied on CuO 
nanofibers are shown in Table 5.2, with the respective fits shown in Appendix 3 (Figure 
A3.4).  
Table 5.2. XANES results for the study of the annealing and reduction of PVA-Cu 
composite nanofibers obtained by Linear Combination Fitting (LCF). Graphs of near 
edge spectra and LCF fit in Appendix 3 (Figure A3.4). 
PVA-Cu nanofibers Composition (at %) Accuracy 
Air Annealed – 500 ᵒC Cu(CH3COO)2 1 % 
CuO 99 % 
R factor – 0.00597 
Red. χ2 – 0.00122 
Air Annealed – 500 ᵒC then 
H2/N2 Reduced 300 ᵒC 
Cu(CH3COO)2 0.2 % 
Cu2O 47.1 % 
CuO 4.3 % 
Cu 48.4 % 
R factor – 0.00011 
Red. χ2 – 0.000019 
Air Annealed – 500 ᵒC then 
H2/N2 Reduced 300/ 600 ᵒC 
Cu2O 19 % 
CuO 6.6 % 
Cu 74.4 % 
R factor – 0.00027 
Red. χ2 – 0.000044 
 
From a probed relatively accurate 99% composition in CuO after air annealing, the 
300°C reduction led to a composition of 48.4% Cu and 47.1% Cu2O, with a leftover CuO 
accounting for 4.3%. The associated R factor was calculated at 1.1.10-4, thus indicating the 
oxidation states quantification to be accurate. After reduction at 300/600°C, the probed 
composition estimated a decrease in Cu2O to 19% for the increase in Cu to 74.4%, with a 
residual CuO of 6.6%. The twice reduction at 300 and 600°C thus proved to yield a higher 
copper reduction than single 300°C reduction. As the R factor is slightly higher than the 300°C 
reduction, of 2.7.10-4, the 2% difference in CuO may be considered an artefact. In both cases, 
the decreased R factor value indicates that no other compound than Cu, CuO, Cu2O is 
significantly present in the fibers. However, the residual CuO around 5% in both cases as well 







A XPS depth profiling study on the 300/600°C reduced CuO nanofibers was thus 
performed to probe the repartition of oxygen atoms within the fiber, estimate the presence of 
vacancies with defective copper oxides as well as to verify the thickness of the CuO oxidation 
layer.  
 
Figure 5.11. XPS Survey (A) and C1s (B) spectrum for a depth profile study on annealed 
under air at 500°C and further reduced at 300°C /600°C PVA-Cu nanofiber web at 0, 
20, 40, 60, and 80 nm. In the C1s spectrum, (1), (2), (3) correspond respectively to C-C 
bonds, CO bonds and copper carbonate. 
 
 The variation in XPS survey spectra of reduced at 300/600°C CuO nanofibers with 
increasing depth from 0 to 80 nm is shown in Figure 5.11 (A). Apart from the surface, a similar 







at 83.5% at the surface, and invariant at 85% below the surface. The large presence of carbon 
while the presence of residual polymer or acetate groups from the composite nanofibers is non-
significant or even non-existent, may be consistent with a readily carbon adsorption from a 
higher surface reactivity.  
The O1s peak can be seen to decrease in intensity with increasing depth, and was 
calculated to account for 15% at the surface and decreasing to 8 and 7% for 20 and 40 nm depth 
before a plateau at 6% for 60 and 80 nm depths. Copper concentration was shown to increase 
from 1.5% at the surface to 7 % at 20 nm depth and plateauing at 9% for depths below 40 nm.  
The variation in C1s spectra for reduced nanofibers with increasing depth is shown in 
Figure 5.11 (B). The same contributions as in the air-annealed nanofibers C1s spectra were 
identified, namely C-C bonds (1), CO bonds (2) and copper carbonate (3) [441]. The C-C bond 
contribution respectively accounted for 77, 73, 72, 61, 71 %, while the CO bond contribution 
accounted for 11, 21, 23, 29, 14% and the copper carbonate accounted for 12, 6, 5, 10, 14% at 
the surface and with increasing depth. The reversing in the trends followed by the concentration 
ratio in each bond for 60 and 80 nm depths was explained as the fact that these depths fall 
beyond the fiber core for the average fiber diameter was calculated to 107 nm. The gradual 
increase in CO bonds gives an insight of the degree of diffusion of reductive dihydrogen 
molecules within the fibers, while the higher proportion in C-C bonds below the surface 
compared to air-annealed nanofibers further supports the theory of adventitious carbon and 









Figure 5.12. XPS O1s (A) and Cu2p (B) spectrum for a PVA-Cu nanofiber web annealed 
under air at 500°C and further reduced in H2/N2 at 300/600°C respectively at 0 nm, 20 
nm, 40 nm, 60 nm and 80 nm depth. In the O1s spectrum, (1), (2), (3) in majority 
correspond respectively to lattice Cu2O and Cu(OH)2, CO and CuCOO and defective 
Cu2O, defective CuO type CuO2. In the Cu2p spectrum, (1), (2), (3), (4), (5) correspond 
respectively to Cu2O, Cu (0), CuCOO, and unsaturated copper and copper oxides. 
 
Figure 5.12 (A) presents the variation in the O1s spectra with increasing depth for 
reduced nanofibers. Three deconvolutions were made in the surface spectra, respectively at 
530.8 eV (1) for 32%, 532.0 eV (2) for 52%, and 533.6 eV (3) for 17%, with a respective peak 
FWHM of 1.8 eV, 1.8 eV and 1.5 eV. Concerning the contribution at 350.8 eV (1), an energy 
shift was recorded when going in-depth to 531.3 eV, with a concentration varying from 32% 







recorded for the contribution scattering at 532.0 eV (2) at the surface, with a concentration 
varying from 52% at the surface to 46, and 41% at 20, and 40 nm depths. Concerning the O1s 
spectra at 60 nm depth, the 531.3 eV (1) peak was found shifted to a binding energy of 531.1 
eV with a further decreased concentration from 59% at 40 nm to 23%. Similarly, the 532.5 eV 
peak was found shifted to 532.2 eV with an increase in concentration from 41% to 77%. The 
contribution scattering at 533.6 eV (3) in the surface spectra is not further accounted for in the 
in-depth spectra, except closer to the surface at 80 nm depth where it accounts for 8%. Also, in 
the O1s spectra at 80 nm depth, it was found challenging to further dissociate the (1) and (2) 
contributions, which were grouped under a peak at 531.8 eV and accounting for 92%. 
The shifts in binding energy with varying depths are consistent with a variation in the 
copper ligand anion electronegativity, which can be linked to the rate of the in-depth 
propagation of the hydrogen reaction [461]. In the literature, copper (I) oxide is reported to 
scatter at 530.2 eV and 531.6 eV for lattice and defective oxide with a peak FWHM of 1.2 eV 
and 1.3 eV [460]. Copper (II) oxide is reported to scatter at 529.7 eV and 531 eV for lattice 
and defective oxide with a peak FWHM of 0.9 eV and 2.0 eV [460]. Also copper dihydroxide 
is reported to scatter at 531.2 eV, with a peak FWHM of 1.6 eV [460]. 
The 531.3 eV (1) contribution with a 2.0 eV peak FWHM is consistent with the 
overlapping of lattice copper (I) oxide with a proportion of Cu(OH)2 from the CuO to Cu 
reduction process. The shifted value to 530.8 eV with a 1.8 eV FWHM is consistent with a 
higher proportion of lattice copper (I) oxide at the surface, as well as with a plausible 
contribution from defective copper (II) oxide. The increase from 32% to a 54% and 59% 
concentration with widening of peak FWHM to 2.0 eV at 20 nm and 40 nm below the surface 
is consistent with the reduction of copper (II) oxide to copper (I) oxide, resulting in increased 







in concentration, peak FWHM and binding energy at 60 nm depth indicates the rise in the 
proportion in lattice copper (I) oxide to the detriment of copper dihydroxide, and is consistent 
with the rise of copper (II) oxide beyond the fiber core.  
The 532.0 eV (2) contribution in the surface spectra with a 1.8 eV peak FWHM was 
attributed to the overlapping of the contributions of organic oxygen from CO bonds and copper 
carbonate, which are often reported in the literature for binding energies between 531.5 eV and 
532 eV [441, 459]. Its energy shift to 532.5 eV at 20 and 40 nm depths with a peak FWHM of 
2.6 eV is consistent with an overlapping with the contribution of defective copper (I) oxide, 
present below the surface. The associated decrease in concentration from 52% to respectively 
46% and 41% can be explained by the decrease concentration in CO and carbonate bonds, 
consistently with the C1s spectra. From 60 nm depth, the further widening of peak FWHM to 
2.8 eV and shift in binding energy to 532.2 eV can be explained by the renewed rise in 
concentration of the CO and copper carbonate contribution, however still with a significant 
presence of defective copper (I) oxide.  
Concerning the 533.6 eV (3) contribution, which can only be accounted for at the 
surface and at 80 nm depth, it was first thought to translate a copper nitrate structure from a 
potential thermal nitrosorption phenomenon at the fiber surface, since CuNO3 is reported to 
scatter at 533.4 eV in the literature [460]. However, no N1s scattering at 400 eV was observed 
in the survey spectra. Consistently with the Cu2p spectra, the 533.6 eV (3) contribution can 
reasonably be assumed to be the scattering of a Cu (II) specie, and its peak FWHM is consistent 
with defective CuO, yet with an energy shift of 2.6 eV compared to the reported values in the 
literature. It was thus proposed that the exposure to air in the ending of the thermal reduction 







peroxide structures, thus explaining the large positive shift in binding energy from the defective 
CuO peak by the significant increase in oxygen atom electronegativity compared to peroxide.  
Figure 5.12 (B) shows the Cu2p spectra in function of depth for the reduced nanofibers. 
A weak Cu2p satellite scattering can be seen on the surface spectra, and under the assumption 
that the Cu (II) specie present in the surface spectra was CuO, the satellite-main peak area ratio 
was calculated, resulting in a presence of 36% of CuO over the combined Cu (I) + Cu (0) 
contributions at the fiber surface. Considering the air annealed nanofibers showed a 96% 
presence of CuO at the surface, the reduction process showed to be relatively successful to the 
limitation of surface oxidation. However, the O1s spectra is more consistent with the presence 
of defective CuO or CuO2, which would affect the calculated ratio. 
Three deconvolutions were made on the surface spectra, respectively at 932.4 eV (1) 
for 35%, 932.7 eV (2) for 41% and 934.7 eV (3) for 24%, with a respective peak FWHM of 
2.0, 1.1 and 2.5 eV. The contribution at 932.4 eV (1) was attributed to the major presence of 
copper (I) oxide, often reported at this exact binding energy, yet with a peak FWHM of 1.0 eV, 
while the here observed peak FWHM is of 2.0 eV, the peak widening assumed to be due to the 
presence of defective oxide as well [460]. The contribution at 932.7 eV (2) was attributed to 
the presence of Cu (0), often reported at 932.6 eV, overlapped with the presence of defective 
oxide, widening peak FWHM to 1.1 eV, while reported to 0.9 eV in the literature [460]. The 
contribution at 934.7 eV (3) was attributed to the presence of copper carbonate at the fiber 
surface and potentially overlapped with another Cu (II) specie accounting for the large peak 
FWHM, and was not detected in the in-depth spectra [441]. Copper (II) oxide is reported in the 
literature to scatter at 933.6 eV with a peak FWHM of 2.1 eV [460]. Below the surface, copper 







the C1s and O1s spectra, considering a less significant amount of lattice copper (I) oxide can 
be present but overlapped with the Cu (0) contribution peaking at a close binding energy.  
The majority of the Cu (0) contribution (2) at 932.7 eV was found to decrease in 
concentration from 41% at the surface to 27, 23, 23 and 32% with increasing depth. However, 
the peak FWHM was also found to shrink from 1.1 at the surface to 1.0, 0.94, 0.87 and 0.93 
eV. Furthermore, from 932.7 eV peak binding energy at the surface and at 20 nm depth, the 
peak was found shifted to 932.88, 932.98 and 933.0 eV at 40, 60 and 80 nm depth. The 
combined up energy shift and reduction of peak FWHM towards the reported value of 0.8 eV 
in the literature is consistent with a further rise in the predominance of Cu(0) in the 
contribution, detrimental to the contribution of Cu2O which lattice oxide is often reported to 
peak at 932.4 eV, thus below the Cu (0) theoretical scatter value [460].  
Below the surface, a contribution at 932.9 eV (4) was identified on all the in-depth 
spectra, and was accounted for respectively 45, 52, 25, and 24%, with a peak FWHM of 1.70, 
1.68, 1.34 and 1.74 eV, and a shift in binding energy to 932.9, 933.0, 933.0 and 932.96 eV with 
increasing depth from 20 nm. Below the surface as well, another contribution at 933.0 eV (5) 
was identified on all in-depth spectra, accounting respectively for 28, 25, 53 and 24%, with a 
peak FWHM of 2.9 eV and with an increasing binding energy from 933.0 eV to 933.1, 933.1, 
and 933.0 eV with increasing depth from 20 nm. For these two contributions at 932.9 eV (4) 
and 933.0 eV (5), no specific or predominant copper composition could be associated. While 
the scattering at 932.9 eV (4) could be consistent with a Cu2O structure, its peak FWHM of 1.7 
eV is too wide for the reported value of 1.1 eV [460]. The scattering at and over 933.0 eV (5) 
with a relatively wide peak FWHM of 2.1 eV is typical of a Cu (II) chemical structure, however 
no shake-up satellites from the Cu2p peaks can be observed on the in-depth spectra, while the 







contributions related to unsaturated copper atoms in respectively a Cu1+ and Cu2+ state, from 




The XANES probing of the oxidation states could be verified by in-depth XPS study. 
It was found that the 5% Copper (II) oxide were located on the fiber surface and forming an 
oxidation layer less than 20 nm thick. From the 74% Cu and 19% copper (I) oxide probed 
composition, it was found that Cu (0) could indeed be deconvoluted by XPS at all depths, and 
while a lattice Cu2O contribution was found at the fiber surface, the peak binding energy and 
FWHM suggests an unsaturated state of both the Cu (I) and Cu (II) ions. It can also be noted 
that the in-situ etching process can possibly induce an oxidation of the in-depth copper atoms. 
Nonetheless, the reduction of CuO nanofibers at 300/600°C showed to form different copper 
chemical structures from lattice Cu, Cu2O and CuO, confirming the presence in a significant 
proportion of electron vacancies within the fiber from less than 20 nm below the surface. A 
more quantitative analysis of the proportion in electron vacancies within the fibers was 
conducted with the study of local copper atom arrangement. 
5.1.2.3. Local metal coordination 
 
The local metal coordination in the copper crystallites in function of the reduction 
temperature on under air-annealed CuO nanofibers was investigated by extended X-ray 







Table 5.3 presents the EXAFS first shell fitting analysis for CuO nanofibers reduced 
respectively at 300°C and at 300/600°C. The EXAFS signal and fit are presented in Appendix 




Table 5.3. EXAFS First shell analysis for reduced PVA-Cu nanofibers, representing the 
Cu 1-1 scattering path. Feff was computed from a FCC Cu structure (cif file n°4105040, 
a= 3.58191 Å, Reff = 2.53280 Å) [468]. EXAFS signal and fit are shown in Appendix 3 
(Figure A3.5). 
Sample Air Annealed – 500 ᵒC then 
H2/N2 Reduced 300 ᵒC 
Air Annealed – 500 ᵒC then 
H2/N2 Reduced 300/ 600 ᵒC 
Coordination Number N 4.32 ± 0.57 7.96 ± 0.26 
Bond length R (Å) 2.55283 2.54271 
ΔR (Å) 0.020 ± 3.7.10-3 0.010 ± 9.0.10-4 
Debye Weller σ2 (Å2) 0.0048 ± 9.1.10-4 0.0033 ± 2.1.10-4 
Amplitude S0
2 (Å) 1.440 0.946 
Energy shift ΔE0 (keV) 5.960 5.280 
R factor 0.011 0.00072 
 
This study aimed at comparing the relative fiber reactivity between the two reduction 
degree-fiber morphology systems. The first shell fitting here concerns Cu 1-1 scattering, 
translating the strong forward photoelectron scattering between the outer shell of the scatterer 
copper atom and its first neighbour. Based on reports of monoclinic CuO to Cu (0) hydrogen 
reduction in the literature, the different scattering paths including forward scattering Cu1-1 







of 2.53280 Å [468]. All amplitudes 𝑆0
2 and energy shifts ΔE0 are respectively of a similar order 
around 1 Å and 5 keV. 
Coordination number N was estimated to 4 and 7 with increasing reduction temperature. 
Concerning the Cu 1-1 bond length, a decrease in the relaxation of the copper atoms was 
observed with increasing reduction temperature, for the observed ΔR decreased from 0.020 Å 
to 0.010 Å. Bond length R remained however higher than theoretical Reff, of respectively 
2.55283 Å and 2.54271 Å with increasing reduction temperature, against 2.53280 Å. The 
increase in reduction temperature resulted in the decrease of local disorder σ², from 0.0048 Å² 
to 0.0033 Å. A much more reliable accuracy can be attributed to the fitting results for the fiber 
structure reduced at 300/600°C, with a R factor of 7.2.10-4, compared to the relatively accurate 
R-factor of 1.1.10-2 obtained for the fit of the 300°C reduced nanofibers. 
The low R factor and thus fit accuracy for the reduced CuO nanofibers at 300°C is 
consistent with the lower proportion in Cu probed by XANES, which indicated a near half/half 
composition in Cu and Cu2O. The significant presence of Cu2O within the structure would thus 
affect the estimated coordination number and may lead to a greater local disorder from the 
coexistence of the two crystal structures within the fibers, compared to the dominant copper 
structure after reduction at 600°C. The observed retraction in R with the 600°C reduction is 
consistent with the observed retraction of the fiber diameter due to the agglomeration of 
reduced copper crystal through a grain growth process.  
 









The annealing of composite PVA-Cu nanofibers was undertaken under air for the 
reported favourable dual kinetics of polymer degradation and copper crystal formation in a 
temperature window below 500°C. A subsequent reduction was deemed necessary to limit the 
fiber oxidation degree, and was undertaken under hydrogen atmosphere at 300°C to perform 
the reduction and then 600°C to strengthen the copper fiber into a homogeneous filled shape 
through the formation of grains, for practical handling. This section discusses the 
understanding of the different processes at stake in the transformation of composite nanofibers 
towards copper nanofibers.  
5.1.3.1. Thermal degradation of PVA-Cu under air atmosphere 
 
In the literature, the degradation temperature observed from TGA analysis on pure PVA 
chips or nanofibers is reported close to 500 ᵒC [469-472]. The addition copper acetate and the 
formation of a sol-gel resulted in a PVA degradation temperature plateauing from 400°C, as 
shown in the TGA analysis performed on PVA-Cu (60:40) nanofibers presented in Appendix 
3 (Figure A3.2). Two stages of polymer degradation could be identified, one accounting for a 
weight loss of 33% and occurring between 120°C and 180°C, and the second from 180°C for 
a weight loss of 67%. Both stages were respectively attributed to the dehydration reaction on 
the polymer chain, and to the degradation of the main backbones themselves. The copper ions 
present in the PVA structure act as radicals to catalyse the polymer degradation, following the 
proposed main reaction path for the PVA degradation under heating presented in Equations 









In the first stage of degradation until 180°C, water vapour and acetic acid are generated 
from the simultaneous cleavage of copper acetate-PVA bonds and PVA hydroxyl group- PVA 
main chain bonds. The nucleation and cluster formation of freed copper atoms is thus taking 
place from 120°C, according to the TGA analysis. The free electron produced from the 
dehydration reaction then moves towards the oxygen atom leading to a main chain breakage 
and the release of a ketone group [469, 472]. It can be seen from the TEM observation that the 
annealed fiber diameter incrementally decreases with the temperature increase, indicating a 
gradual polymer degradation happening from the surface to the fiber core, thus suggesting an 
ongoing supply of copper atoms from first stage PVA-Cu degradation with the increase of 
temperature from 180°C to 450°C, yet gradually further from the fiber surface in relation to the 
annealing temperature.  
5.1.3.2. Crystal formation and coalescence under air 
 
Once the concentration of density of freed copper atoms reaches saturation, an 
aggregation to form nuclei occurs, which phenomenon first occurs over 120°C and below 
200°C, according respectively to the TGA and TEM analysis [473, 474]. A schematic of the 
observed crystal growth process in PVA-Cu nanofibers in function of the air annealing 









Figure 5.13. Schematic of the particle coarsening process observed during annealing 
under air of a PVA-Cu electrospun nanofiber: fiber cross-sectional view for 20°C to 
500°C, and longitudinal view for 700°C and 1000°C. 
Up until 500°C, at which temperature complete polymer removal is achieved, the 
crystal shape and size distribution are fairly homogeneous, considering two distributions of 
Cu2O spherical crystal and monoclinic CuO. Although discrete clusters of crystals can be 
observed from 200°C, later transforming in larger coalesced grains at 400°C and 500°C, they 
are believed to be due to a small proportion of free copper ions from the electrospinning 
precursor. Indeed, since not linked to PVA chains, those clusters thus crystallize more quickly, 
even growing large enough to entail agglomeration reactions at 400°C – 500°C, due to their 
high level of energy at the crystal edges [475]. Spherical Cu2O crystals are usually observed in 
the fiber core, while the crystals of near spherical and of rectangular shape are observed closer 
to the fiber surface, as illustrated in the schematic. The rectangular shape can be attributed to 
the crystal formation into monoclinic CuO with an uniaxial growth best seen after 400°C 







The promiscuity between different crystal sizes inducing agglomeration and loss in 
shape uniformity is a direct consequence from the observed movement of nanocrystals towards 
the fiber surface, as illustrated after annealing at 400°C and 500°C. The liberation of copper 
atoms in the polymer matrix induces their relocation towards the fiber surface, thus leading to 
the formation of hollow fibers upon removal of the polymer after annealing between 400°C at 
500°C [455]. The slight increase in fiber diameter during coalescence is attributed to 
thermodynamic forces motioning the crystals on the fiber outer surface even further as crystals 
in the fiber core are moving towards the surface, as the fiber diameter increase is in the order 
of the increase in size of the formed crystals. An Ostwald ripening process is taking place up 
until 500°C and further helping the fiber hollow interior creation, as a thermodynamic process 
involving matter relocation [476]. The Ostwald ripening process is defined by the desorption 
of an atom from a particle, which enters in collision with another particle on which it is 
resorbed, and is ruled by the particles free energies [467, 476]. Furthermore, the increasing loss 
of crystal size homogeneity on the surface between the fibers annealed at 400°C and 500°C 
implies a greater difference in free energy stability between the two types of particles that is 
thus accelerating the particle coarsening process [467, 476]. It can be noted that the crystal 
growth through Ostwald ripening is limited to annealing temperatures below 500°C, with the 
polymer degradation being the rate-limiting step as the release of water from its degradation 
favours the release of adatoms [477].  
The Ostwald ripening process allows for the control of both crystal shape and size. 
However, it can be observed that the obtained crystals are from a variety of shapes and size 
distribution is only fairly homogeneous, this incurring from the structural change in copper 
oxidation state, yet an alternative ripening process might also be suggested [476]. Self-focusing 







in the literature for metal nanocrystals formation [477]. The difference with an Ostwald 
ripening process is that the small particles would dissolve rapidly and completely under the 
influence of neighbour bigger particles [477]. Thus, shape variety is achievable through the 
non-uniform sorption of adatoms. Elongated nanocrystals can thus be obtained, as particularly 
observed after annealing at 400°C, along the fiber surface. The elongated shape also cause the 
increase in instability, and decrease in corner sharpness with the increase in temperature [477]. 
After annealing at both 700°C and 1000°C, both crystals from a same fiber and 
neighbouring fibers have agglomerated together to reach a non-uniform grain size distribution, 
of no particular shape and with soft corners. The grains are observed in the TEM as opaque 
shapes with several crystalline domains [467]. Grain growth is the advocated mechanism for 
the resulting larger crystals. As a difference from coalescence, grain growth relies on the 
movement at the grain boundaries [478]. Typical of the grain growth process is the random 
grain shape and size distribution, as the grain boundary movement may not be continuous and 
the motion direction may be changing. Further confirming the grain growth process, a grain 
embedded within a larger grain can be occasionally observed during air annealing at 
temperatures over 500°C, as can be seen in the TEM analysis. A suggestion to explain such 
phenomenon comes from the relation at the grain boundaries, which can be seen with 
increasing temperature to transition from towards high angle before becoming diffuse at 
1000°C. No microvoids could be distinctively observed between the grains, and this might be 
due to the high level of energy at the crystal edges and proximity with other crystals that 
catalyses the coalescence between them [478].  








The reduction pathway for metal oxide crystals within the fiber can be suggested to 
follow Equation (5.6, 5.7), with first the adsorption of proton resulting in water desorption, 
followed by a surface adsorption of hydroxyl ions [377, 378]: 
𝐻2 +  𝐶𝑢 − 𝑂
−  ⇌  𝐻2𝑂 + 𝐶𝑢 + 𝑒
− (5.6) 
2𝐻2 + 𝐶𝑢 − 𝑂2 
− ⇌ 2𝐻2𝑂 + 𝐶𝑢 + 𝑒
− (5.7) 
The increase in electron concentration in the fiber thus results in an increased surface 
reactivity [379]. It may be suggested that the release of water vapour molecules according to 
the above reduction pathway might thus re-launch the crystal ripening process based on 
Ostwald theory by allowing the dissolution of adatoms, and thus resulting in the filling of the 
fiber core. The relative size preservation of crystals at the surface compared to the increase in 
size for crystal facing the fiber interior might be argued by a stage of limited water diffusion, 
thus accelerating coalescence kinetics. 
 
 
5.2. Single thermal treatment under reductive atmosphere 
 
To counter the rise of oxidation in the under air or nitrogen annealing of the polymer-
metal composite nanofibers, a direct annealing under reductive atmosphere was thought of. 
Checking the hypothesis that oxygen chemisorption could be detrimental to the crystal size and 
shape homogeneity, this section presents the discussion on the impact of reductive atmosphere 









5.2.1. Impact of reduction temperature on fiber morphology, composition and 
crystal structure  
 
5.2.1.1. Fiber morphology 
 
Thermal reduction of PVA-Cu nanofibers was performed at different temperatures 
varying from 500°C to 900°C. From the TGA analysis shown in Appendix 3 (Figure A3.1) 
performed onto PVA-Cu nanofibers under nitrogen atmosphere, 500°C was determined at a 
turning point where all PVA went fully degraded. Therefore, it was chosen at a starting 
temperature for the direct reduction of PVA-Cu nanofibers. Figure 5.14 shows the SEM 
micrographs of reduced PVA-Cu nanofibers at 500°C (A), 600°C (B), 700°C (C), 800°C (D), 










Figure 5.14. SEM micrographs of a PVA-Cu electrospun nanofiber web annealed under 
reductive atmosphere at 500 °C (A), 600 °C (B), 700 °C (C), 800 °C (D), and 900 °C (E, 
F). 
Crystals can be observed on the surface of the fibers, homogeneously dispersed and 
varying in size and shape with the reduction temperature. A light fiber texturation effect can 
be observed after reduction at 500°C, with surface crystals below 10 nm in size. After reduction 
at 600°C, the formed cluster continued growing into planar crystals of up to 100 nm in length 
and of no defined shape. Then the fiber surface crystal changed after annealing at 700°C and 







morphology obtained is radically different, with a sintering of neighbour fibers and loss of fiber 
shape homogeneity.  
The SEM micrographs show the homogeneous crystal growth process and thus the high 
reproducibility until 900°C thermal reduction, without local disturbances as nanorods bundles 
from chalcogenide growth on the surface of crystallized copper oxides as can be seen in the 
annealed and reduced fibers [463]. The variation in crystal size and density in function of the 
reduction temperature was assessed by TEM imaging, with Figure 5.15 presenting TEMs of 
PVA-Cu composite nanofibers annealed under reductive atmosphere, respectively at 500°C, 








Figure 5.15. TEM micrographs of one PVA-Cu electrospun nanofiber annealed under 
reductive atmosphere respectively at 500 °C (A, B), 600°C (C, D), 700°C (E, F), and 800 







It can be easily noticed that the planar crystals observed by SEM after reduction at 600°C 
cannot be seen on the fiber TEM micrograph, attesting of the weak bonding between crystal 
and fiber surface for the structures obtained at this temperature for it did not resist the fiber 
dispersion procedure, which would be consistent with the growth of copper chalcogenides from 
a copper oxide crystallized structure [463].  
The fiber shows a mixed amorphous-crystalline morphology, with embedded spherical 
crystals in an amorphous matrix, which can reasonably be attributed a polymer composition, 
and surface crystallites that are partly embedded in the fiber matrix, except in the case of 
reduction at 600°C. It can be seen from the TEM micrographs that an increase in the 
temperature of reduction leads to an increase in size of the surface crystallites and a decrease 
in the density of the embedded smaller spherical crystals, consistent with their agglomeration 
and coalescence with the surface crystallites.  
Figure 5.16 presents the variation in the surface crystallite size as a function of the 








Figure 5.16. Observed maximal crystallite size in function of annealing temperature for 
a PVA-Cu electrospun fiber annealed under reductive atmosphere. 
A sharp decrease in size from 21 nm to 13 nm between 500°C and 600°C reduction can be 
observed, followed by a linear increasing trend for reductions from 600°C to 800°C with a 
maximal size of 55 nm. The observed decrease can be advocated to be due to the difference in 
the crystallisation pathway, not taking into account the planar crystal structures present after 
reduction at 600°C. From this turning point however, the followed crystallisation pathway 
shows to remain the same until 800°C reduction, with a linear increase translating the direct 
dependency of applied temperature onto the spherical crystal agglomeration. It can also be seen 
that the higher the applied temperature, the higher the measured standard deviation, of 5 nm 
after reduction at 800°C, translating the increasing loss in crystallite defined shape. 
5.2.1.2. Fiber composition and copper oxidation states 
 
In this section, the variation in the copper oxidation degree with reduction temperature 
will first be presented. To do so, a XANES study using LCF technique was performed. 
Figure 5.17 presents the XAS spectra of PVA-Cu nanofibers reduced at respectively 
600°C and 800°C, along with the XAS spectra of relevant standards including copper, cuprous 








Figure 5.17. XAS spectrum comparison at the Cu K edge for PVA-Cu composite 
nanofibers annealed under reductive atmosphere (A), and copper salt and oxides 
reference spectra (B). 
 
Both reduced fibers show a distinct single peak feature in the rising edge as well as 
intense oscillations post edge compared to the electrospun spectrum. The main difference 
between the 600°C and 800°C reduced fiber spectra lies at the edge, split in two peaks where 
the electrospun spectrum shows one smooth peak, and with a more distinct dissociation in the 
case of the 600°C reduced fibers. By comparison with the shown copper and copper oxides 
spectra, the two reduced structures at the edge show a predominant pure metal composition 







nanofibers impacting the peak dissociation. LCF was performed to quantify the metal/oxide 
ratio in the fibers bulk. 
The results of the LCF are presented in Table 5.4, with the respective fittings shown in 
Appendix 3 (Figure A3.6).  
Table 5.4. XANES results for the study of reduction of PVA-Cu composite nanofibers 
obtained by Linear Combination Fitting (LCF). Graphs of near edge spectra and LCF 
fit in Appendix 3 (Figure A3.6). 
PVA-Cu nanofibers Composition (at %) Accuracy 
Electrospun Cu(CH3COO)2 8.2 % 
CuO 86.9 % 
Cu 4.8 % 
R factor – 0.0049 
Red. χ2 – 0.00095 
H2/N2 Reduced 600 ᵒC Cu(CH3COO)2 5.5 % 
Cu2O 12.2 % 
CuO 5.8 % 
Cu 76.5 % 
R factor – 0.00028 
Red. χ2 – 0.000046 
H2/N2 Reduced 800 ᵒC Cu(CH3COO)2 8.9 % 
Cu2O 7.1 % 
CuO 25 % 
Cu 59 % 
R factor – 0.0011 
Red. χ2 – 0.00018 
 
The results confirm the successful reduction of CuO composing the surface and bulk of 
electrospun fibers accounting at 87 % towards Cu composing respectively at 77 % and 59 % 
the reduced fibers at 600°C and 800°C. Copper (I) oxide Cu2O was shown to decrease from 
12% to 7% with the increase of reduction temperature, while CuO was shown to increase from 
6% to 25%. However, whilst the R factor of 3.10-4 obtained in the case of 600°C reduced fibers 
may be acceptable, the one obtained for reduced fibers at 800°C of 10-3 indicates that other 
copper bonds are present in the fiber bulk, potentially copper hydride or hydroxide.  
Correlating to the imaged fiber morphology, it can be assumed that of the smaller 
spherical crystals composing both reduced fibers would be of Cu2O composition, for their 







on the surface of 600°C reduced nanofibers can be reasonably assumed of Cu composition, 
while the 6 % attributed to CuO seems consistent with a layer of surface oxidation. In the case 
of fibers reduced at 800°C, the decrease in fiber diameter thus imply an increase in the 
proportion of CuO from surface oxidation. However, the obtained 25% value although of 
limited accuracy suggests that the surface oxidation layer is not enough in itself to account for 
the CuO presence. It is likely that the agglomeration of the embedded Cu2O spherical crystals 
into the surface crystallites occasion Cu-O bonding whilst growing, which could thus further 
explain the gradual loss of shape and increase in size standard deviation between crystallites 
with temperature increase. This would mean the involvement of another oxidation state of 
copper, intermediary between the surface and core of the copper crystallites. 
In complement to XANES, X-ray photospectroscopy (XPS) was acquired to compare 
the composition and ratios in copper and copper oxide at the fiber surface and in the fiber bulk, 
as well as observing the variations in organic content on the fiber surface with increasing 
reduction temperature. The results are presented in Figure 5.18 and Figure 5.19 for reduction 








Figure 5.18. XPS Survey (A) and C1s (B) spectrum for a PVA-Cu nanofiber web reduced 
respectively at 500°C, 600°C, 700°C, and 800°C. In the C1s spectrum, (1), (2), (3) 
correspond respectively to C-C bonds, C-O bonds, and copper carbonate. 
 
The survey spectrum presented in Figure 5.18 (A) reveal the presence of the three 
elements C, O, and Cu with varying contribution ratios with increasing reduction temperature. 
Concerning carbon, its concentration was measured above 70% after 500°C, 700°C and 800°C 
reductions, whilst of 35% after 600°C reduction. Oxygen was shown to follow a decreasing 
trend until a plateau with increasing temperature, with a concentration of 30% after 500°C 
reduction down to 22% for 700°C and 800°C reductions, and a higher contribution of 50% for 
600°C reduction. Then in regard to copper, concentrations were calculated to 2%, 20%, 7% 







The strong contributions of C and O combined with a lowest presence of copper at the 
surface of 500°C reduced fibers are consistent with higher content in PVA and the smallest 
crystal size on the fiber surface. In contrast, the highest presence of copper and oxygen at the 
fiber surface for the 600°C reduced fibers is consistent with the presence of the planar crystals 
of varying length and shape but in order of 100 nm, which is double the size of the largest 
crystallites obtained from an 800°C reduction. The similar concentrations in C, O and Cu for 
the 700°C and 800°C reduced fibers testify of their similar morphology, with the slight increase 
in C and O for the 800°C reduction advocating the farther crystal agglomeration phenomenon, 
with the larger oxidation surface from the crystallites and lower presence in embedded smaller 
spherical crystals.  
The variations in C1s spectrum with increasing reduction temperature are presented in 
Figure 5.18 (B). Three deconvolutions were made and attributed to C-C (1), C-O (2) and 
copper carbonate (3) bonds [441]. As the polymer underwent thermal degradation, the 
concentration in C-C bonds was shown to decrease from 70% after 500ᵒC and 600ᵒC 
reductions, to 58% after 700ᵒC reduction, whilst rising up again to 80% after 800°C reduction. 
The 22% increase in carbon between 700°C and 800°C reductions may be explained by the 
contributions of an increased surface area from a lower fiber diameter, the lower proportion in 
embedded spherical crystals and a potential increase in fiber surface reactivity increasing the 
contribution of adventitious carbon. The copper carbonate contribution from crosslinking of 
PVA chains with Cu atoms and interaction with the acetate group was shown to decrease as 
well with increasing temperature, accounting for 15% after 500ᵒC and 600ᵒC reductions down 
to 8% after 700ᵒC and 800°C reductions, which is consistent with PVA degradation, and further 
indicates a structural change in the polymer chains happening between 600ᵒC and 700ᵒC from 







for the C-O bonds contribution between the 600ᵒC and 700ᵒC reductions, with a concentration 
around 15% after 500ᵒC and 600ᵒC reductions rising around 35% after 700ᵒC reduction, further 
suggesting the occurrence of a change in the leftover polymer structure.  
Water is a known solvent of the PVA chains, yet it will be later shown that the reduced 
nanofibers at 800ᵒC are stable in aqueous medium, though polymer bonds are still present at 
the fiber surface and the EM imaging show an amorphous polymer matrix. The observed 
structural change between 600ᵒC and 700ᵒC thus preserved the cross-linking of PVA chains, 
as copper is freed from its PVA complexation to nucleate and crystallize. As the composition 
of the spherical crystals present in every reduced structure was determined to be Cu2O from 
the above XANES study, and as the sol-gel between PVA-Cu was determined to form HC-O-
Cu bonds side-to-side, it was thus thought that the unsaturated oxygen atom left from the 
crystallisation of a Cu-O-Cu structure might be covalently bonding to the neighbour 
unsaturated carbon atom from the PVA chain. This reaction pathway is consistent with the 
increase in the concentration of C-O bonds, the C-O peak energy shift induced by the 












Figure 5.19. O1s (A) and Cu2p (B) spectrum for a PVA-Cu nanofiber web reduced 
respectively at 500°C, 600°C, 700°C, and 800°C. In the O1s spectra, (1), (2), (3), (4) 
correspond respectively to copper carbonate, C-O bonds, Na KLL Auger from Na 
surface contamination and copper oxide CuO. In the Cu2p spectrum, (1) and (3) 
correspond to the contribution of CuO, while (2) and (4) correspond to the contribution 
of copper carbonate. 
 
The variations in O1s peak deconvolutions with increasing reduction temperature are 
presented in Figure 5.19 (A). It can be seen that the copper carbonate (1) contribution at 531.4 
eV decreases in intensity with increasing temperature, with concentration ratio calculated to 
82% after 500°C decreasing to 30% after 700°C and 800°C reductions, consistent with the 
order of variation observed in the C1s spectrum [445]. The contribution of C-O bonding (2) at 







reductions [459]. The energy shift of 0.6 eV for the 600°C reduced structure and its low 
concentration at 5% respectively attest from a change in polymer from the crystallization 
reaction and from the larger covering of the fiber surface with copper-based crystals. The 
broadening in peak FWHM from 1.0 after 500°C and 600°C reduction to 3.2 above 700°C 
reduction testifies of the creation of new oxygen bonds, which were assumed to correspond to 
new configurations in C-O bindings following the presented above reaction pathway. Sodium 
surface contamination on the fibers reduced at 500°C and 600°C led to the showing of the Na 
KLL Auger peak (3) around 536 eV [459]. Copper oxide contribution (4) at 529.6 eV was 
attributed to CuO and could be first significantly noticed after 600°C reduction, with a 
concentration calculated to 65% and varying around 40% for 700°C and 800°C reductions 
[445]. No significant contribution of Cu2O or Cu could be observed on the O1s spectra, 
suggesting as expected a relatively thick surface oxidation type CuO covering the crystals. 
Figure 5.19 (B) presents the Cu2p spectrum obtained for the different temperatures of 
reduction. A dominant CuO structure was obtained for all temperatures, accounting on the 
strong scattering of the Cu2p3/2 and Cu2p1/2 satellites peaks and the typical split peak for the 
Cu2p3/2 satellite [459, 460]. Indeed, shake up peaks stronger in intensity in the case of CuO 
compared to Cu2O can be seen as the outgoing photoelectron interacts with a valence electron 
and also excites this valence electron to a higher energy level [460]. As a consequence the 
kinetic energy of this valence electron is reduced, resulting in a satellite structure several eV 
below the atom core level position [460].  
As the satellites showed a dominant CuO structure for the presence of Cu (II) species, 
a ratio of the contribution of Cu (II) to Cu (I) + Cu (0) was calculated by doing a ratio of the 
satellite and main peak areas [460]. The proportion in CuO was calculated respectively to 69.5, 







increasing temperature can be translated by an increase in the copper-containing surface area 
with the emergence of distinct surface crystals between 500°C and 600°C reductions as well 
as in the presence of copper atoms migrating from the polymer matrix towards the surface. The 
slightly lower presence of CuO after 800°C reduction compared to 700°C is consistent with 
the forwarding of the localized concentration of copper atoms in the surface crystallites. 
 The Cu2p3/2 peak was further deconvoluted with the contributions of CuO (1) at 933.2 
eV accounting for 67%, consistent with the previous calculation, and copper carbonate (2) at 
934.8 eV accounting for 33% [460]. Variations in peak FWHM can be observed with a 
narrowing from 3.1 typical of pure CuO to 2.86 for the Cu2p3/2 peak after respectively 500°C 
and 800°C reductions, which can be consistent with an increasing presence of Cu2O or Cu 
below the CuO surface [411]. 
A XPS depth profile was acquired on another web of PVA-Cu nanofibers reduced at 
800°C, with 20 nm etching between layers from the surface down to 80 nm depth, which ideally 
falls into the fiber core if not accounting for the surface crystallite. This depth profiling study 
aims to evaluate the thickness of the surface oxidation layer and monitor the surface transitions 
between the different metal oxides. As well, this study is useful to probe an eventual 








Figure 5.20. XPS Survey (A) and C1s (B) spectrum for a PVA-Cu nanofiber web reduced 
at 800°C respectively at 0 nm, 20 nm, 40 nm, 60 nm and 80 nm depth. In the C1s 
spectrum, (1), (2), (3) correspond respectively to C-C bonds, C-O bonds, and copper 
carbonate. 
 
The variation in the survey spectrum with increasing depth are shown in Figure 5.20 
(A). If the C1s peak can be seen to decrease in intensity with increasing depth, its concentration 
ratio was shown to increase from 70% at the surface to 80% at 80 nm depth. A similar linear 
decreasing trend with increasing depth can be observed for the O1s peak, with concentration 
in oxygen decreasing from 24% at the surface down to 10% at 80 nm depth. Concerning the 
Cu2p region, it can be seen that a different composition predominates between the surface and 
below 20 nm depths, for the satellites look different. Regarding the concentration ratios, the 







chlorine were not involved in the fabrication of PVA-Cu nanofibers, those elements were 
detected in the survey spectrum. It can also be noted that the etching process performed can 
also induce in a lower measure oxidization of the surface. 
The decrease in oxygen presence with increasing depth combined with the increase in 
copper concentration confirms that the fibers are not a whole oxidized structure type CuO as 
seen on the surface, consistent with the XANES study. Furthermore, the change in Cu2p 
scattering pattern between the surface and depths over 20 nm suggests that the oxidation layer 
is actually less than 20 nm. The increase in carbon concentration with increasing depth can be 
explained by the larger amorphous surface area exposed as the surface crystallites would not 
be present in-depth, and suggests as well that the Cu2O spherical crystals are less and less 
present when approaching the fiber core. 
Figure 5.20 (B) presents the variations in the C-C (1), C-O (2) and copper carbonate 
(3) contributions composing the obtained C1s spectrum with increasing depth. It can be seen 
that the polymer bonds remain significantly present with increasing depth, confirming that the 
fiber are filled with the polymer matrix. If the concentration in C-C bonds was shown to 
fluctuate between 45% and 50%, the concentration in C-O bonds was found to increase with 
increasing depth, from 36% at the surface up to 45% at 40 nm, and plateauing until 80 nm 
depth. The peak attributed to copper carbonate can be seen decreasing in intensity with 
increasing depth, with a concentration of 14% at the surface decreasing to 9% for depths until 
60 nm, and down to 6% at 80 nm depth. 
The simultaneous increase in C-O bonds and decrease in copper carbonate with 
increasing depth is consistent with the previous assumption of the formation of an additional 
C-O bond when a Cu2O cluster is formed. Also, the decrease in carbonate suggests the 









Figure 5.21. O1s (A) and Cu2p (B) spectrum for a PVA-Cu nanofiber web reduced at 
800°C, respectively at 0 nm, 20 nm, 40 nm, 60 nm and 80 nm. In the O1s spectrum, (1), 
(2), (3), (4) correspond respectively to copper carbonate, C-O bonds, copper oxide and 
Na KLL Auger from Na surface contamination. In the Cu2p spectrum, (1), (2), (3), (4), 
(5) respectively correspond to lattice and defective copper (I) oxide, copper carbonate, 
copper and copper oxide. 
  
Figure 5.21 (A) presents the variation observed in the O1s spectrum with increasing 
depth for reduced PVA-Cu nanofibers at 800°C. Three deconvolutions were made and 
preserved with varying depths, representing the contributions of copper oxide (1), C-O bonds 
(2) and C-O-Cu bonds (3) [445, 459]. Even though the proportions in copper oxidation states 







combined to the potential small particle size effect shifting binding energy peak values makes 
it challenging to accurately quantify the proportion in Cu (I) and Cu (II) oxide bonds [460]. 
The contribution of C-O-Cu at 531.8 eV was shown to decrease in concentration from 6% at 
the surface to 2% at 40 nm and 60 nm depths, and was not found significant at 80 nm depth, 
which further indicates the preferential presence of carbonate at the fiber surface and copper 
cluster formation in fiber core.  
A peak at 531.6 eV on the surface spectrum was attributed to the contribution of C-O 
bonds, accounting for 92%, consistent with the XPS study on the impact of reduction 
temperature presented above. Below the surface however, an energy shift of 0.4 eV was 
observed placing the peak at 532.0 eV, for a concentration of 56% at 20 nm depth, 85% at both 
40 and 60 nm depth, and back up to 90% at 80 nm depth. Binding energy values between 531.5 
and 532.0 eV are often reported for C-O bonds, which makes the energy shift reasonable to 
assume, and further suggests the possibility of a re-arrangement between the single unsaturated 
oxygen and carbon atoms from the PVA chain when the copper crosslink is broken [459]. The 
relatively large peak FWHM obtained of 2.4 eV can suggest as well the presence of a 
significantly smaller portion of CO double bonds, which are usually reported around 533 eV, 
and have been previously identified as an intermediary product of PVA degradation [459]. 
 The copper (II) lattice oxide contribution type CuO at 529.6 eV is barely noticeable on 
the surface spectrum and was calculated to account for 2% [460]. This poor contribution attests 
that the amorphous surface exposed is almost exclusively polymeric, and that the copper 
present have crystallised. A binding energy shift to 530.9 eV was then recorded for 20 nm 
depth, with the total copper oxide contribution accounting for 36% and a peak FWHM of 1.96 
eV, which is consistent with a contribution of defective copper (II) oxide as previously reported 







consistent from the partial hydrogen thermal reduction of copper oxide, the absence of 
scattering form satellites in the Cu2p spectrum indicates the almost exclusive presence of Cu 
(I) species [479]. Below 20 nm, another energy shift was observed with the copper oxide 
contribution peaking at 530.5 eV and accounting for 13% at 40 and 60 nm depth, and 10% at 
80 nm depth, with a peak FWHM of respectively 1.46 eV, 1.69 eV, and 1.74 eV with increasing 
depth. The change in both peak binding energy and FWHM at 40 nm depth testifies of a major 
change in the predominant copper oxide composition, while the broadening trend with 
increasing depth of peak FWHM suggests the gradual rise in concentration of another copper 
oxide structure. By looking to the Cu2p spectrum, a predominant Cu (I) and/or Cu (0) 
composition is expected below the surface, however lattice and defective Cu2O anion binding 
energies are respectively reported to 530.20 eV and 531.57 eV in the literature, with a peak 
FWHM of 1.23 eV and 1.28 eV [460]. It could thus be said that a mixed composition in copper 
(I) oxide structure was obtained, lattice and defective, and that the major presence of those two 
structures is unchanging from 40 nm depth, as the total copper oxide contribution peak binding 
energy was averaged to 530.5 eV for all depths concerned. A slight change in the proportion 
between the two structures is however expected with increasing depth, due to the broadening 
of the total copper oxide contribution peak FWHM. However, from the study of the fiber 
diffraction spectrum and the medium accuracy of the LCF fitting in XANES, the presence of 
another copper oxide bond type Cu (I) such as copper peroxide could also be the reason of the 
shifted binding energy at 530.5 eV.  
Finally, the surge of copper (I) oxide presence at 20 nm depth before its lower presence 
from 40 nm depth and its non-significant presence at the surface correlate well with the fiber 
TEM imaging. Indeed, the low concentration at the fiber surface predicts that copper is only 







low surface area compared to the whole fiber surface. Then, the surge in copper presence at 20 
nm depth is consistent with the imaging of the significantly smaller in size copper oxide 
crystals. Furthermore, the constant presence at 10% of copper oxide for depths below 20 nm, 
suggests that the fiber oxidation layer thickness lies between 20 nm and 40 nm, as oxidation 
from XPS laser etching may have entailed this result. 
Figure 5.21 (B) presents the variation of the Cu2p spectrum with increasing depth for 
a web of PVA-Cu nanofibers reduced at 800ᵒC. It can be easily noticed that the surface 
spectrum is different than the in-depth ones, in the fact that strong satellites are observed at the 
surface indicating a predominance of Cu (II) species. Unlike the previous Cu2p surface 
spectrum shown as a function of the reduction temperature, the shake-up of the Cu2p3/2 
contribution does not show a dissociated peak typical of CuO [459, 460]. Instead, and in 
agreement with the surface O1s spectrum, a predominant copper carbonate (3) composition 
was observed, accounting for 77% and peaking at 934.8 eV [460]. Since sodium and chlorine 
contamination were shown in the surface spectrum, a mixed CuNa, or CuCl2 contribution can 
also be expected. In the literature, CuCl2 peak has been reported at 934.8 eV as well, while 
CuCl was reported at 932.4 eV [460]. A second peak was deconvoluted at 932.6 eV with a 
FWHM of 1.4 eV and represents the contributions of Cu (0), Cu (I), and Cu (II) oxides (5). 
According to the literature, 932.6 eV is often a reported binding energy for Cu (0) and Cu (I) 
species, as their peak overlap, while Cu (II) oxide can be found reported around 933.6 eV like 
in the previously presented XPS study [445, 460]. However, the CuLMM peak shape does not 
present any characteristic Cu (0) feature [460]. 
Below the surface, no Cu2p satellites can be clearly distinguished. Interestingly 
however, the O1s spectrum suggests the presence of Cu2O and defective CuO at 20 nm depth, 







[459]. Nevertheless, as the CuLMM peak shape does not show any scattering peaks characteristic 
of Cu (0) at all depths, it was assumed that the qualitative satellite intensity was not supportive 
enough information, but yet still indicative of the Cu (II) fiber oxidation layer thickness [460]. 
Furthermore, oxygen electron vacancies on metal oxide surfaces have been shown to influence 
satellite features and the distance between satellite and main peak, and might play a role as well 
in the present spectrum [480]. 
Copper carbonate was found to significantly decrease in concentration below the 
surface, going from 77% down to 16, 12, 7 and 9% at respectively 20, 40, 60 and 80 nm depths. 
This decrease is consistent with the observation made in the C1s spectrum, further suggesting 
cluster formation to occur preferentially at the fiber core. At 20 nm depth, two more 
deconvolutions were made along with copper carbonate, occurring at 933.5 eV and 933.1 eV 
and accounting for 55% and 28%. Those contributions were attributed to lattice and defective 
copper (I) oxide, potentially overlapping with a contribution of copper (II) oxide, though 
slighter as no scattering from the satellite can be observed. Furthermore, these reported values 
for binding energy are significantly shifted higher from the values reported in the literature, 
which usually reports oxidation phenomenon [460, 480]. Yet it was evidenced on a metal oxide 
surface that the emission line of the 2p core are shifted to higher binding energies with the 
increasing electronegativity of the ligand, following a linear trend [461]. The attribution to 
Cu2O compounds of different chemistry was thus found more plausible, as the ongoing 
reduction in hydrogen atmosphere will affect the compound chemistry in terms of different 
bonds with oxygen, which might for instance lead to intermediary structures of copper peroxide 
[481]. The formation of hydrogen bond on a copper surface was not deemed consequent as the 







The two contributions at 933.5 eV and 933.1 eV were found to fluctuate with increasing 
depth, accounting respectively for 33, 53, 50 % and 35, 23, 31 % at 40, 60 and 80 nm depths. 
These fluctuations indicate a plateau is reached from 40 nm depth, and suggests a transition in 
oxidation composition is taking place at 20 nm depth. Indeed, if the presence of Cu (II) oxide 
becomes minor between the surface and 20 nm depth, a lower oxidation state from the 
weakening of the surface oxidation layer is here thought to happen at 20 nm, thus leading to a 
predominance of lattice copper (I) oxide. It results the attribution of the 933.5 eV to lattice 
Cu2O (2) and the peak at 933.1 eV to defective Cu2O (1), which is consistent with the 
photoelectron scattering theory as the defective Cu2O would present a lower oxidation level.  
Finally, from 40 nm depth, another contribution was identified at 932.7 eV, accounting 
for 20, 17 and 10% for 40, 60 and 80 nm depths and attributed to Cu (0) (4) [460]. Even though 
932.6 eV is the binding energy the most reported for Cu (0), some studies reported binding 
energies around 932.2 eV, thus neither infirming or confirming the hypothesis of particle small 
size effect to explain the energy shift for the copper (I) oxide contributions [460]. The decrease 
in Cu (0) contribution in regard to Cu2O structures may be plausibly explained by the increase 
in surface reactivity from both the presence of Cu (0) and the increasing proportion in electron 
vacancies carried by defective Cu2O, which are thus expected to a certain extent to oxidize 
with the carrying of the etching procedure.  
 
5.2.1.3. Crystal structure and local metal coordination 
 
To further understand the crystal formation process taking place under hydrogen 
reductive atmosphere, a structural study by high energy X-ray diffraction (HE-XRD) was 







composition of the embedded spherical crystals, as well as establishing the structure built up 
in the 55 nm surface crystallites. 
Figure 5.22 shows the HE-XRD spectra and diffraction pattern of a thermally reduced 
at 800°C PVA-Cu composite nanofiber web.  
 
Figure 5.22. XRD pattern for a reduced PVA-Cu composite fiber web at 800°C, with the 
corresponding diffraction pattern. Indexation of peaks from imported cif files from the 
COD database, of Cu2O (cif nᵒ1010941, cubic, a=4.26 Å, cell volume 77.3 Å3), CuO2 (cif 
nᵒ1521320, orthorhombic, a=11.4 Å, b=7.3 Å, c=2.7 Å, α=β=γ=90ᵒ, cell volume 277.19 
Å3), and Cu (cif nᵒ4105040, cubic, a=3.58 Å, cell volume 45.9 Å3). 
 
A presence of relatively amorphous acetate salt can be acknowledged with the presence 
of a large FWHM peak at 7°, which is consistent with the presence of copper carbonate bonds 







Three copper and copper oxide crystal structures were identified from the literature and 
in plausible correlation with the above XPS study, namely cubic Cu (a= 3.58 Å, cell volume 
45.9 Å3 ), cubic Cu2O (a=4.26 Å, cell volume 77.3 Å
3) and orthorhombic CuO2 (a=11.4 Å, 
b=7.3 Å, c=2.73 Å, cell volume 227.2 Å3) [468]. The use of two copper structures such as Cu 
and Cu2O to fit the diffraction from the surface crystallites and the embedded spherical crystals 
was deemed inconsistent with the in-depth XPS profile study and not appropriate with the 
observed diffraction pattern. Indeed, the diffraction peak of significant intensity observed at 2θ 
of 84.5ᵒ, which would indicate a body-centred cubic structure, does not fit with either Cu or 
Cu2O, which from the family of planes observed also often show the contribution of the (311) 
plane at 2θ of 74ᵒ [482]. Furthermore, other heterogeneous structures composed of Cu and 
Cu2O were reported with a XRD pattern showing a distinct dissociation between the diffraction 
of the Cu2O (200) and Cu (111) planes [483]. An additional CuO2 structure was found the best 
fit from the literature as well as from in-depth XPS for a potential transitional crystal structure 
resulting from the simultaneous crystallisation and thermal hydrogen reduction process of Cu2+ 
ions [465, 484, 485]. 
The ratio between Cu, CuO2 and Cu2O crystal structures was calculated to 27, 41 and 
32% respectively. From the observation of fiber morphology, a 60/40 ratio was estimated in 
proportion of the surface crystallites compared to the embedded nanocrystals. The average 
crystal size could be calculated using Scherrer’s equation to help the attribution of the different 
crystal structures, however the overlapping of the diffraction planes made the calculations 
inconclusive [368]. Yet, it has been widely observed in copper ions thermal reduction reactions 
that Cu(0) atoms tend to move towards the surface of the substrate to crystallise, and it was 
also shown that Cu2+ ions were released from PVA degradation under air [455]. It is thus highly 







crystallised in copper (I) oxide structures, while the surface crystallites would present a copper 
core structure surrounded by oxidized crystals, which could be of type CuO2, consistent both 
with the XPS analysis ruling out CuO compositions and with the imaged morphology of 
faltering the crystallites exposed surfaces from exposition to room temperature air [486]. 
Three diffraction plans for both Cu and Cu2O structures were identified, namely (1 1 
1), (2 0 0) and (220) [482, 487]. The consistency between the diffraction plans showed by the 
two structures translates the crystal copper atomic arrangement preservation with thermal 
hydrogen reduction. Furthermore, the increased sharpness of the peak indexed to Cu diffraction 
planes compared to Cu2O indicates a better crystallized structure, which could be consistent as 
Cu2O crystals would be undergoing a dissolution reaction from the particle ripening process 
[467, 488].  
 It can be assumed that for both Cu and Cu2O structures, the (111) peak is the 100%, 
while the (200) and (220) peaks show a relative intensity approximated to 40% and 25%. 
Surface energy values for a cubic Cu system were reported respectively to 140.9 mJ/cm2 for 
(111) planes, 165.1 mJ/cm2 for (100) planes and 164.1 mJ/cm2 for (110) planes, the latter two 
being parallel to the diffracting (200) and (220) planes [489]. Nevertheless, as the overlapping 
of the diffraction contributions from the heterogeneous structure makes the analysis 
challenging, the fiber local atomic arrangement was further investigated using XAS.  
 
The local metal coordination in the copper crystallites in function of the reduction 
temperature was investigated by EXAFS from the post-edge XAS spectra previously presented. 
As the fiber crystal structure is heterogeneous, only first shell analysis, that is the forward 
scattering of a photoelectron between the first shells of the scatterer and the first neighbour Cu 







temperature on the straining of the copper crystallite as well as to evaluate its impact on the 
averaged copper atom coordination and thus fiber reactivity. 
Table 5.5 presents the EXAFS analysis of first scattering paths for annealed or reduced 
PVA-Cu nanofibers, using scattering paths obtained by Feff calculation on a cubic copper 
crystal structure. The EXAFS fast Fourier transform (FFT) and corresponding fit are presented 
in Appendix 3 (Figure A3.7). All amplitudes 𝑆0
2 and energy shifts ΔE0 are respectively of a 
similar order around 1 Å and 5 keV.  
 
Table 5.5. EXAFS First shell analysis for reduced PVA-Cu nanofibers, representing the 
Cu 1-1 scattering path from a cubic Cu structure. Feff was computed from cif file 
n°4105040, a= 3.58191 Å, cell volume 45.9 Å3, Reff = 2.53280 Å. EXAFS signal and fit are 
shown in Appendix 3 (Figure A3.7). 
Sample H2/N2 Reduced 600°C H2/N2 Reduced 800°C 
Coordination Number N 10.75 ± 0.36 5.24 ± 0.53 
Bond length R (Å) 2.54110 2.54289 
ΔR (Å) 0.008 ± 2.0.10-3 0.010 ± 2.9.10-3 
Debye Weller σ2 (Å2) 0.0042 ± 2.2.10-4 0.0043 ± 6.7.10-4 
Amplitude 𝑆0
2 (Å) 0.764 1.160 
Energy shift ΔE0 (keV) 5.033 5.170 
R factor 0.0015 0.0068 
 
The least coordination number N of 5 was obtained in the case of 800°C reduced 
nanofibers, compared to 10 after 600°C reduction and 12 in theory, meaning the statistical 
average number of electron vacancies around a Cu atom is increasing from 2 to 7 with 







the presence of an unstable copper peroxide compound on the outer shell of the surface copper 
crystallites, in correlation with the density and size of the surface copper clusters.  
 A similar increasing trend is followed regarding the Cu 1-1 bond length R, increasing 
from 2.54110 Å to 2.54289 Å, for a theoretical Reff of 2.53280 Å. The longer computed bond 
length after 800°C reduction is consistent with the growth of the copper crystal at the fiber 
surface, with more and more relaxed copper atoms as the cluster grow in size [490]. The 
significant deviation ΔR for both fibers compared to the theoretical value can be argued to be 
influenced by the presence and removal of oxygen atoms from the as-formed crystal.  
Local disorder σ² was found constant between the two reductions temperature, of 
0.0042 Å², however a higher standard deviation was recorded in the case of an 800° reduction. 
This large standard deviation is correlated to the higher R-factor of 0.0068 compared to 0.0015 
after 600°C reduction, though the lower accuracy is explained by the increase in proportion of 
copper oxide within the fiber. Nonetheless, the constant σ² between the two structures is 
consistent with the fact that there is no significant change in the coalescence pathway followed 
until 600°C and until 800°C. This can be seen from the electron micrographs, considering that 
the 2D crystals at the fiber surface after 600°C reduction are the result of the lamellar growth 
of chalcogenide on the exposed surface of newly formed copper clusters from PVA and acetate 
groups degradation and assisted by the higher presence of water [463]. 
 
5.2.2. Discussion of copper crystallisation and oxidation degree limitation in 
the reduction of PVA-Cu nanofibers 
 
One of the main differences concerning the annealing in the oxidative and reductive 







be fully degraded between 800°C and 900°C, at which temperature grain growths and 
potentially copper melting are taking place. As the PVA degradation releases water vapour 
allowing particle ripening and crystal formation processes to occur, its slowed degradation was 
observed to lead in a decreased density of crystals compared to air annealed nanofibers. 
As the first nanocrystals are visible after reduction at 500°C, the lock-in of the first 
clusters structure to form a seed thus happen for lower temperatures [490]. Shape-focusing 
coalescence into Cu2O spherical crystals was observed for reduction between 600°C and 
800°C, the formation of one crystal shape exclusively means that the seed population is tightly 
controlled [475]. Since the crystal shape is spherical, it may also be argued that all seeds 
possessed a similar internal structure. The growth of small Cu clusters (up to n=55) in 
dihydrogen atmosphere was previously studied and showed that the clusters preferably adopted 
pentagon bipyramid arrangements up to n=15, at which point the icosahedral growth pathway 
was found energetically more favourable until transition to a bulk structure, identified for n=55 
[490]. The fact that the observed copper-based clusters did not follow this suggested pathway 
further suggests the coalescence of a copper oxide. These spherical crystals were found to 
aggregate and coalesce into a crystallite at the fiber surface. This movement of aggregation was 
found to be favoured by the increase in reduction temperature, and is thus believed to be helped 
by the thermodynamics of polymer removal at the fiber surface.  
The crystallite composition was best modelled by a copper core surrounded by a layer 
of defective copper oxide bonds before the CuO surface oxidation layer. This composition is 
in accord with previous reports of copper oxide bulk reduction [491]. Indeed, the influence of 
hydrogen reductive atmosphere on the copper fibers is suggested to follow the Equation (5.8) 
below [492]: 







 It was also shown that the preferred chemisorption on a copper cluster occurs 
near the most acute metal site, thus on the edges, with the two hydrogen atoms residing on each 
sides [490]. While on the contrary for copper surfaces, the chemisorption is more favourable 
at the hollow sites [490]. Yet, Cu-H bonds have been demonstrated to be marginally stable for 
Cu, with an attractive interaction of hydrogen 1s state partially countered by the filling of 
antibonding states in the interaction with copper d state [220]. 
 
5.3. Fabrication of bi-metal-based nanofibers: case of 
Copper/Nickel 
 
Nickel-containing bi-metal oxide nanomaterials, in particular nanoparticles, have been 
demonstrated to possess an outstanding catalytic potential compared to commercial solutions 
or rare-earth metal oxides [493-496]. In this stance, the fabrication of bi-metal copper-nickel 
nanofibers was undertaken in order to magnify the magnitude of the potentially required heavy 
metal ion catalytic decomplexation and surface adsorption through strong interaction between 
copper and nickel oxide. To our knowledge, no report of Cu/Ni based nanofiber web fabrication 
could be found in the literature. This section first presents the annealing under air of the 
electrospun PVA-Cu/Ni nanofibers, and investigates the impact of the intermix of copper and 
nickel ions onto the synergistic polymer degradation and metal crystal structure formation and 
composition, using comparison with the single metal precursors. 
 Then, in order to reach a near total metal nanofiber surface for a predictably enhanced 







chemisorption, thermal reduction of electrospun PVA-Cu/Ni nanofibers was investigated [493, 
496].  
5.3.1. Annealing under air of electrospun PVA-Cu/Ni nanofibers 
 
The respective kinetics of concomitant polymer degradation and metal crystal 
formation during under air annealing of PVA-Cu/Ni nanofibers was first investigated, to assess 
the influence of metal concentration and composition within the composite nanofibers on the 
resulting metal oxide nanofiber crystallinity and morphology. 
To this end, Figure 5.23 presents TEMs showing the variations in fiber morphology 
under air annealing of PVA-Cu (top, Figure 5.23 (A, B, C)), PVA-Ni (middle, Figure 5.23 (D, 









Figure 5.23. TEM micrographs of one PVA-Cu (A, B, C), PVA-Ni (D, E, F) and PVA-
Cu/Ni (G, H, I) electrospun fiber annealed ex-situ under air respectively at 200 °C, 
400°C, and 500 °C. 
 
Different kinetics of metal crystallisation and polymer removal are observed for the 
three composite nanofibers. Indeed, for PVA-Cu nanofibers, it was discussed that copper-based 
clusters were formed from a 200°C annealing temperature and transported to the nanofiber 
surface while PVA and acetate groups were degraded, reaching hollow and pure CuO 
nanofibers after annealing between 400 and 500°C, with a crystal sizes below 110 nm. 
 Concerning the annealing of PVA-Ni nanofibers, a smooth nanofiber surface 
morphology is still observed at 200°C, while crystals with a fairly homogeneous size 







400°C. Furthermore, the nanofibers present a humped morphology with the rise in a hump 
pattern of nickel/nickel oxide crystals at the surface. The surrounding of the nanofiber core by 
a string of nickel-based crystals in a hump pattern is further accentuated after annealing at 
500°C, with a crystal size around 36 nm.  
Regarding the annealing of PVA-Cu/Ni nanofibers, the nanofibers appeared randomly 
textured with the loss of the one-phase polymer-metal matrix strongly apparent after annealing 
at 200°C. After annealing at 400°C, the nanofibers showed a morphology similar to the 
annealed PVA-Ni nanofibers at the same temperature, with a homogeneous surface coverage 
of below 15 nm crystals around an amorphous bulk. Furthermore, the crystal surface coverage 
forms a pronounced hump pattern as seen on PVA-Ni nanofibers, though after annealing at 
500°C. The 400°C annealed bi-metal nanofiber morphology presented as well similarities with 
the PVA-Cu nanofibers annealed at 200°C, with distinct larger cluster formation of up to 51 
nm. A grain growth process has occurred during the annealing to 500°C of PVA-Cu/Ni 
nanofibers, leaving a dense core nanofiber morphology similar to PVA-Cu nanofibers after 
annealing at 700°C.  
 
The TGA curve of PVA-Cu/Ni and PVA-Ni nanofibers is presented in Appendix 3 
(Figure A3.2), and showed a faster polymer degradation for the PVA-Cu/Ni system compared 
to PVA-Ni, respectively attained by 220°C and 325°C, under nitrogen atmosphere. In 
comparison, the polymer degradation plateau for PVA-Cu nanofibers was achieved from 
400°C.  The decrease in PVA degradation temperature between Ni and Cu based nanofibers 
can be explained in a certain measure by the difference in metal concentration within the fibers, 
as limited by the copper salt solubility. Since PVA-Ni and PVA-Cu/Ni nanofibers possess a 







the copper inclusion may thus be advocated to explain the accelerated polymer degradation, 
though concomitant with a variation in electrospun nanofiber diameter.  
Correlating the TGA analysis to the observed PVA-Cu/Ni nanofiber morphology 
variation during under air annealing, the polymer degradation by 220°C in nitrogen atmosphere 
thus reasonably suggests that the semicrystalline nanofibers observed after annealing at 200°C 
under air present a major metal or metal oxide composition. After annealing at 400°C, the 
observed surface crystals would thus emerge from a reactive amorphous metal-based matrix, 
similarly to annealed PVA-Ni nanofibers. The amorphous character of the fiber core matrix 
can be reasonably explained by the relatively low temperature for metal crystallisation [496]. 
In such, the observed similarities in nanofiber morphology between the bi-metal and single 
metal nanofibers though for discordant annealing temperatures correlates well with the 
temperature step revealed in the polymer degradation TGA analysis.  
 
To probe the proportion in the different copper and nickel oxidation states composing 
the annealed PVA-Cu/Ni nanofibers, a fiber bulk composition study was conducted via 
XAS/XANES. This elemental composition study aims to investigate the potential effects of the 
copper-nickel interaction onto the fiber composition, as nickel is less prone to oxidation [497].  
Figure 5.24 shows the XAS spectra at the Ni K edge (left) and Cu K edge (right) for 











Figure 5.24. XAS spectrum comparison at the Ni K edge (left) and Cu K edge (right) for 
PVA-Ni (A), PVA-Cu (B), PVA-Cu/Ni (C, D) composite nanofibers annealed under air, 
with nickel and copper salt and oxides reference spectra (E, F). 
 
At the Ni K edge, the electrospun and 200°C air-annealed PVA-Cu/Ni nanofibers show 
a spectrum highly similar with the nickel acetate reference, while the spectrum obtained on 
nanofibers after 500°C annealing shows a distinctive nickel oxide composition. In comparison, 
the three spectra obtained after electrospinning and air-annealing at 200°C and 500°C of PVA-







At the Cu K edge, the three spectra of PVA-Cu/Ni nanofibers obtained after 
electrospinning and air annealing at 200°C and 500°C are highly similar and significantly 
reflect a copper metal composition, according to the Cu reference spectra. In comparison, the 
three spectra of PVA-Cu nanofibers showed a competition between copper acetate and copper 
(II) oxide. 
The quantification by LCF of the oxidation states composing the air-annealed PVA-
Cu/Ni nanofibers is presented in Table 5.6, and compared with single metal-based nanofibers.  
 
Table 5.6. XANES results for the study of the under-air annealing of PVA-Cu/Ni 
composite nanofibers obtained by Linear Combination Fitting (LCF). Graphs of near 
edge spectra and LCF fit in Appendix 3 (Figure A3.8 and Figure A3.9). 
 
Composition (at %) 
Electrospun Annealed 200°C Annealed 500°C 
PVA-Cu 
Acetate 8.2 % 
CuO 86.9 % 
Cu 4.8 % 
Red. χ2 – 0.00095 
CuO 100 % 
Red. χ2 – 0.00031 
 
Acetate 1 % 
CuO 99 % 
Red. χ2 – 0.00122 
PVA-Cu/Ni 
(Cu K) 
Acetate 26.2 % 
Cu2O 26 % 
Cu 47.7 % 
Red. χ2 – 0.0013 
Acetate 28.4 % 
Cu2O 16.8 % 
CuO 3.3 % 
Cu 51.4 % 
Red. χ2 – 0.00082 
Acetate 5.8 % 
Cu2O 7.9 % 
CuO 16.1 % 
Cu 70.2 % 
Red. χ2 – 0.00031 
PVA-Ni 
Acetate 65 % 
NiO 19.4 % 
Ni 15.6 % 
Red. χ2 – 0.00036 
Acetate 75 % 
NiO 25 % 
Red. χ2 – 0.00056 
Acetate 48.5 % 
NiO 34.3 % 
Ni2O3 7.9 % 
Ni 7.4 % 
Red. χ2 – 0.00043 
PVA-Cu/Ni 
(Ni K) 
Acetate 18.8 % 
NiO 32.8 % 
Ni 48.4 % 
Red. χ2– 0.0012 
Acetate 30.1 % 
NiO 32.4 % 
Ni 37.5 % 
Red. χ2 – 0.00061 
NiO 53 % 
Ni 47 % 
Red. χ2– 0.00090 
 
The proportion in Cu metal was found to increase from 48 % after electrospinning to 







Virtually absent after electrospinning, the proportion in CuO was found increasing with 
increasing annealing temperature, reaching 16 % after annealing at 500°C, while the proportion 
in Cu2O decreased from 26 % down to 8 %.  
At the Ni K edge, Ni metal was found accounting for 48 % in the electrospun PVA-
Cu/Ni composition, compared to a major acetate composition of 65 % for PVA-Ni nanofibers. 
The proportion in acetate in the PVA-Cu/Ni nanofibers was found of 19 % after electrospinning 
and disappeared after annealing at 500°C, while in comparison decreased from 65 to 49 % in 
the PVA-Ni nanofibers. The proportion in NiO increased from 32 % after electrospinning to 
53 % after 500°C annealing in the bi-metal nanofibers, while it increased 20 to 34 % in 
comparison in the single metal nanofibers. The proportion in Ni metal remained about invariant 
between the electrospun and 500°C annealed PVA-Cu/Ni nanofibers, accounting for 47 %, 
with thus a near 1:1 ratio in NiO:Ni within the PVA-Cu/Ni nanofibers after annealing at 500°C. 
The observed variations in metal acetate were found consistent with the different 
polymer degradation profiles evidenced by TGA and TEM analysis. In the electrospun state, 
Cu and Ni metals were found predominant in the bi-metal nanofibers, while CuO and Ni acetate 
predominates in the respective single metal nanofibers. The high content in nickel salt and 
therefore free loading in nickel acetate, while in contrast the cross-linking of copper atoms with 
the PVA chains were advocated to explain the respective predominance of CuO and Ni acetate. 
In the case of PVA-Cu/Ni nanofibers, it can be advanced that a proportion of the copper (II) 
and nickel (II) acetate salts reacted together to form Cu-Ni bonds and released acetate groups. 
The obtention of a major Cu/Ni:NiO bulk composition after annealing of the bi-metal 
nanofibers at 500°C, is consistent with a growth of metal grains type Cu-Ni, along with NiO 
crystals. A phenomenon of surface oxidation would be as well consistent with the proportions 









5.3.2. Thermal reduction of electrospun PVA-Cu/Ni nanofibers 
 
In order to reach a high metal reduction degree and to observe the effect of the bi-metal 
crystal growth in a polymer matrix that ought to degrade slower than under air atmosphere, 
thus for longer hindering the aggregation of outgrown crystals, thermal reduction of PVA-
Cu/Ni nanofibers was undertaken [498].  
A reduction temperature of 600°C was chosen in concordance with the temperature 
difference in polymer degradation observed by TGA when compared to PVA-Cu precursors. 
The synergy between the quantity of free metal atoms from polymer/acetate degradation and 
the kinetics of crystal coalescence for a given temperature led to a strongly interconnected web 
of nanofibers, of a morphology assimilable to grain necklaces, as shown in the SEM and TEM 
presented in Figure 5.25. Thus, the reduced PVA-Cu/Ni nanofiber crystal structure and 
morphology significantly differs from the reduced PVA-Cu nanofibers not only at 600°C but 
in the whole 500 – 900 °C temperature window previously presented. Instead, the 600°C 
reduced PVA-Cu/Ni nanofibers present similarities in morphology with the 500°C air-annealed 
and subsequently reduced at 300/600°C PVA-Cu nanofibers. The similarity in fiber 
morphology can be explained by the early stage of polymer removal in PVA-Cu/Ni nanofibers, 
for temperatures below 300°C and thus relatively low for crystal growth, leaving a metal 









Figure 5.25. SEM (A) and TEM (B) of a PVA-Cu/Ni nanofiber and nanofiber web 
reduced at 600°C. 
 
The nanofibers oxidation states were determined using XAS, with the full spectra at 
both K edges presented in Figure 5.26, and revealing a significant similarity to respectively Ni 
and Cu metal reference spectra. The post-edge region in the Ni K edge spectra was found 











Figure 5.26. XAS spectra comparison at the Ni K edge (left) and Cu K edge (right) for 
PVA-Cu/Ni (A, B) composite nanofibers reduced under 15 % H2 at 600°C, with nickel 
and copper salt and oxides reference spectra (C, D). 
 
The quantification of the copper and nickel oxidation states in the reduced PVA-Cu/Ni 
nanofibers is presented in Table 5.7, with the corresponding LCF fit graphs shown in 
Appendix 3 (Figure A3.10). The major predominance of the metal states observed from the 
XAS spectra were translated by an 86 % Cu and a 91 % Ni composition at the respective K 
edges. Copper oxide type Cu2O was found accounting for 12 %, while nickel oxide type NiO 
accounted for 6 %, with a residual presence of nickel acetate groups accounting for nearly 3 
%. Comparing with PVA-Cu nanofibers, a proportion in Cu metal respectively of 77 % and 74 












Table 5.7. XANES results for the study at the Cu K and Ni K edge of the reduction of 
PVA-Cu/Ni composite nanofibers obtained by Linear Combination Fitting (LCF). 
Graphs of near edge spectra and LCF fit in Appendix 3 (Figure A3.10). 
PVA-Cu/Ni nanofibers Composition (at %) Accuracy 
H2/N2 Reduced 600 ᵒC 
(Cu K) 
Cu2O 12.1 % 
CuO 1.2 % 
Cu 86.6 % 
R factor – 0.00065 
Red. χ2 – 0.00011 
H2/N2 Reduced 600 ᵒC 
(Ni K) 
Ni(CH3COO)2 2.6 % 
NiO 6.1 % 
Ni 91.3 % 
R factor – 0.0065 
Red. χ2 – 0.00067 
 
5.3.3. Impact of the atmosphere used in thermal treatment of electrospun Cu-
Ni nanofibers 
 
The promiscuity of the two metal elements and their direct interaction led to accelerated 
degradation kinetics of polymer template as well as metal atom agglomeration and coalescence. 
Plausibly, the shared valence of copper and nickel atoms in the electrospinning precursor led 
to a fraction of copper-nickel bonds forming and facilitating the polymer degradation. 
However, the higher nickel to copper ratio led to the coalescence of nickel or nickel oxide 
crystals within the fibers. In both atmospheres, a lower oxidation degree was obtained with the 
bi-metal based fibers compared respectively to the single metal-based fibers, thus testifying of 
the oxidation resistance action of the bi-metal.  
The oxygen chemisorption under air annealing is believed to play a role in the growth 
of metal oxide crystals at the surface which will not readily agglomerate with cluster from the 
fiber core, as the electronic valence of the metals involved differ [499]. The creation of 







to thermal reduction, where both metals remain in their initial (II) state from the polymer 
degradation. As a result, in under air annealing, a competition accentuated from the presence 
of two metals between the kinetics of in-fiber metal cluster formation and core-surface cluster 
and crystal agglomeration through copper or nickel defective oxide could lead to the observed 
fiber morphology. In contrast, with thermal reduction, the relatively low temperature of 
polymer degradation resulted from about 300°C in the uncontained metal crystal agglomeration 
and further coalescence of copper and nickel in their metal state, leading to the observed fiber 
morphology with a molten metal aspect [496].  
The difference observed in the proportion of oxide in each metal would also be affected 
by the faster coalescence of copper in regard to nickel, as observed in the annealing of single 
metal nanofibers [497]. A direct consequence would be the reinforcement of the presence of 
nickel at the surface of the nanofibers, already predominant. This phenomenon has been 
reported in the synthesis of Cu-Ni nanoparticles, with the direct consequence being a gradual 
decrease in the material Curie temperature below the nanoparticles surface [497]. 
 
5.4. Summary and outcomes 
 
Two thermal routes were investigated to convert electrospun composite PVA-Cu 
nanofibers into surface reactive copper-based nanofibers. The first thermal procedure 
considered the formation of ceramic nanofibers followed by thermal reduction to metal. This 
fabrication route thus endeavoured the total removal of polymer in the fiber, with a mechanistic 
study on the duality of polymer degradation, copper oxide cluster formation and surface up-







conversion from composite to ceramic step. Subsequent thermal reductions enabled to fill the 
fiber core and strengthen the relations between crystal at the boundaries, leading to hand-
manipulable copper-based nanofibers. Typically, in the range of 120 nm average diameter, the 
fibers presented a smooth surface from the agglomeration of the reduced metal oxide fiber 
crystals, which growth in size and shape during polymer removal was found challenging to 
control.  
To control copper cluster formation into crystals of defined shape and homogeneous 
size distribution, a direct thermal reduction on the electrospun composite fiber web was 
performed, enabling the formation of spherical copper oxide crystals agglomerating into copper 
clusters at the fiber surface. A crosslinked and reduced PVA-Cu matrix remained present, yet 
water resistant. Of average diameter around 160 nm, this fiber mixed morphology resulted into 
copper-based nanofibers of higher expected reactivity from the higher computed average 
number of electron vacancies surrounding the Cu atoms, compared to the fibers obtained from 
ceramic reduction.  
Finally, the fabrication of bi-metal nanofibers with copper and nickel was investigated, 
revealing an accelerated polymer nanofiber frame degradation. The atmosphere of thermal 
treatment was found to lead to a distinctive fiber morphology respectively different of single 
copper nanofibers. Furthermore, a higher metal reduction degree was observed on the Cu-Ni 
based nanofibers compared to single metal-based fibers in both atmospheres. Other than 
increased redox catalytic potential, the Cu-Ni nanofibers shall from their higher proportion in 
metal (0) states also be a promising candidate for the capture of heavy metal ions. Furthermore, 
such nanofibers of reasonably homogeneous nanoscale grain size possess a potential for 

















Chapter 6. Adsorption performance of copper-based 
nanofibers in aqueous heavy metal ion model solutions. 
 
The adsorption theory of ionic species on metal oxide surfaces is originally derived 
from the concepts defined in gas-phase molecule adsorption, with for instance the explanation 
of the state of hybridization of frontier molecular orbitals between adsorbate and adsorbent 
atoms based on the energy shifts induced by highest occupied and lowest occupied molecular 
orbitals (HOMO/LUMO), leading to bonding and antibonding states between adsorbent and 
adsorbate, which defines the strength of the formed chemical bond [220, 221]. However, the 
adaptation of this theory to adsorbent surfaces is challenged by the uncertainty in nature, 
number and importance of the transition states in the chemical reaction [221]. As such, no 
realistic prediction of the adsorptive behaviour of copper-based nanofibers in the uptake of 
heavy metal ions from previously reported data such as copper-based nanoparticles could be 
made [13, 500].  
 However, chemisorption could be expected to be the mechanism bounding the metal 
ions to the metal oxide surface [13, 97, 124, 501]. Four types of bonding have been previously 
categorized to qualify chemisorption in this particular adsorption system, namely Van der 
Waals, covalent, metallic and ionic [221]. The Van der Waals bonding, which reflects 
physisorption, was included in the eventuality where the adsorbent/adsorbate atomic orbitals 
do not overlap, as for large adsorbate molecules, with the variation in electron density at either 
adsorbent or adsorbate atoms inducing a polarization on the adsorbate or adsorbent atoms [221, 
502]. The electron interaction from the static dipole moment, thus induced, will strengthen the 
adsorbent-adsorbate chemical bond, and though recognized a weak interaction, it by definition 







surface adsorptive behaviour [221]. Covalent bonding is usually defined as the sharing of 
electron between the adsorbent and adsorbate atoms, resulting in the electron density peaked 
between the atoms [221, 503]. Metallic bonding was defined as a form covalent interaction, 
yet with a more delocalized electron density attributed to the electrons high kinetic energy 
combined with metal atoms high coordination [221]. Finally, ionic bonding relies on the 
difference in electronegativity between adsorbent and adsorbate, with the complete transfer of 
valence electrons between atoms, thus allowing in the case of metal ions to empty their atomic 
outer shell and comply with the octet rule [221, 504].  
Though no work about electron density of states modelling was undertaken, the main 
aim of this study is to observe how the manufactured copper-based nanofibers adsorb the 
chosen metal ions in specific conditions, in order to enable a discussion on the understanding 
of how do the orbital hybridization at the adsorbent and adsorbate atoms occur. 
Metal nano-structures have been previously investigated for the aqueous adsorption of 
heavy metal ions, and showed to be able to deliver among the highest adsorption capacities, 
due to their significantly increased contact surface area and an enhanced surface reactivity 
effect (see Chapter 2, sections 2.2.3, 2.3.1). Structural engineering to increase the density of 
exposed electron vacancies by controlling the exposed crystal facets, as well as to influence 
the adsorption pathway by controlling adsorbent surface film or cluster morphology enables a 
further enhancement of adsorption performance [490, 505]. Indeed, the dissociative adsorption 
of hydrogen on a cubic copper cluster was demonstrated to occur at the edges, while at the 
hollow site on a copper film surface [490]. In this study, electrospun PVA-Cu nanofibers 
thermally reduced under 15% H2 in N2 at 800°C were chosen as adsorbent, and abbreviated to 







and homogeneity of spherical and near-spherical Cu2O and Cu crystals with a CuO surface 
oxidation layer of below 20 nm thickness (see Chapter 5, section 5.2). 
In relation to the industrial water sample of acid-digested wood treated with Chromated 
Copper Arsenate (CCA) preservative presented in Chapter 7, As (V), Cu (II) and Cr (VI) ions 
were the heavy metal ionic species considered in this Chapter, using metal salts aqueous 
solutions. The adsorption behaviour of Cu nanofibers towards As (V), Cu (II) and Cr (VI) was 
investigated in single metal ion solutions and is presented in the first section of this Chapter, 
with the assessment of the extent of the influence of initial pH, reaction time, ratio between ion 
initial concentration and adsorbent dose, as well as ion selectivity towards common anions such 
as phosphates and sulphates. A second section reviews the interactions observed between the 
adsorbate ions at the surface of the Cu nanofibers, in dual and triple metal ion adsorption 
systems. Finally, a third section is dedicated to the ways of heavy metal desorption and 
adsorbent regeneration, to give an insight of the possibilities of heavy metal recovery and Cu 
nanofibers reusability. 
 
6.1. Performance of Cu-based nanofiber adsorbents in the uptake 
of As (V), Cu (II), and Cr (VI) from metal salts in single metal ion 
solutions. 
 
This section presents the performance of Cu nanofibers in the adsorption of As (V), Cu 
(II) and Cr (VI) in separate batches, with the study of the impact of initial conditions on the ion 
uptake. This study aims to provide a base of understanding of the Cu nanofibers adsorptive 







discuss the potential interactions between metal ions at the Cu nanofibers surface in a mixed 
metal ion system. Furthermore, metal ion valence, Cu nanofibers ion selectivity, as well as the 
impact of Cu nanofibers surface features on the adsorption performance were investigated in 
the case of As (V) removal, to complete the adsorption performance profile. 
6.1.1. Adsorption of Arsenic (V)  
 
To investigate the adsorptive performance of Cu nanofibers towards As (V), a sodium 
arsenate dibasic heptahydrate salt was used, of formula 𝐻𝐴𝑠𝑁𝑎2𝑂4  ∙ 7𝐻2𝑂. The considered 
salt showed a molecular weight of 312.01 g/mol. In the study of As (III) capture, a sodium 
meta(arsenite) salt was used, of formula 𝐴𝑠𝑁𝑎𝑂2 and of molecular weight 129.91 g/mol. 
Arsenic possesses an atomic mass of 74.92 u [79]. 
6.1.1.1. Influence of reaction time on the uptake of As (V) 
 
Figure 6.1 presents the uptake of As (V) by Cu nanofibers as a function of reaction 
time, in natural conditions of pH 8.5 and ionic strength. The initial concentration (IC) was set 
to 500 mg/L, consistently with the received industrial water sample, while the adsorbent dose 
was fixed to 0.2 g/L, consistently with other adsorptive nano-structures reported in the literature 
[118, 121, 127]. The Cu nanofibers yielded a maximal uptake of 72% after 30 min and 
plateauing until 1h, which corresponds to an adsorption capacity of 1.80 g/g. Compared to 
reports in the literature, this adsorption capacity is outstanding, even more considering the 
relatively high initial concentration for among the lowest amongst adsorbent doses [92, 93, 
175, 280].  
However, the monitored arsenic ion uptake also presents a desorption leg, from 72% 







oscillations can be assumed to stabilize for a removal of 43% is observed after 24 h. To try to 
explain the cause of this occurrence of adsorption-desorption cycles, the influence of solution 
initial pH and initial ion concentration were investigated to observe respectively the potential 
changes in chemisorption bonding or physico-desorption phenomena, both induced by the 
increasing adsorbate load on the nanofibers surface and pH variation from the anion uptake. 
For the rest of this study, a reaction time of 1h was deemed sufficient to ensure the 
reach of the highest adsorption peak. 
 
Figure 6.1. Removal of As (V) by Cu nanofibers in function of time. Conditions: IC 500 
mg/L, natural pH 8.5, adsorbent dose 0.2 g/L. 
 
6.1.1.2. Influence of Cu nanofibers surface features on the uptake of As (V)  
 
The impact of adsorbent morphology, composition and crystal structure onto the arsenic 
ion uptake was further investigated to deepen the understanding as to which adsorption sites 









The uptake of As (V) in natural conditions by Cu nanofibers was compared to the 
performance of Cu-based nanofibers reduced respectively at 600°C and 700°C, presented in 
Figure 6.2. For recall, Cu nanofibers have been reduced at 800°C. 
 
Figure 6.2. Removal of As (V) by PVA-Cu nanofibers reduced respectively at 600°C, 
700°C, and 800°C. Conditions: pH 8.45 (natural pH), initial concentration 500 mg/L, 
adsorbent dose 0.2 g/L.  
 
Overall, the adsorbent performance was found improved with increasing reduction 
temperature. Indeed, after 1 h, Cu-based nanofibers showed an As (V) uptake of 36, 55 and 72 
% after reduction at 600, 700 and 800°C. However, the equal difference observed in the 
removal yields between the three adsorbents at 1 h of reaction is not observed for shorter 
reaction times. Indeed, Cu-based nanofibers reduced at 600 and 700°C showed a similar 







desorption was found to reach a steady state when using the nanofibers reduced at 600°C, while 
following an oscillatory trend when using the nanofibers reduced at 700°C, lasting until 15 min 
to 47 % before re-adsorption until 1 h. In comparison, the nanofibers reduced at 800°C do not 
show an adsorption peak at 1 min, with a removal of 35 %, but instead a change in adsorption 
kinetics with the uptake of an additional 37 % of As (V) happening in 29 min. 
A SEM analysis in function of adsorption time is presented in Figure 6.3, respectively 
after 1 min, 30 min and 1 h.  
 
 
Figure 6.3. SEMs obtained after adsorption of As (V) after 1 min, 30 min and 1h for 
PVA-Cu nanofibers adsorbents respectively reduced at 800°C (A, B, C), 700°C (D, E, F) 
and 600°C (G, H, I). Conditions: pH 8.45 (natural pH), initial concentration 500 mg/L, 








Figure 6.3 (A, B, C) shows the As (V) adsorption at the surface of Cu nanofibers. After 
1 min, the nanofibers showed to be homogeneously covered by spherical crystals of a 
homogeneous size below 60 nm. The original Cu-based surface clusters are hard to notice, yet 
at the same time no copper release was detected by the ICP. After 30 min, localized film 
formations of a width below 4 µm were observed. Spherical crystals can be observed and 
homogeneously distributed over the film, in-between the fibers, and around the fiber surface. 
Discrete rod bundle-like crystal structures can also be seen near the fiber intersections. After 1 
h, all fibers presented a homogeneous surface covering of crystal scales, which entailed a fiber 
diameter growth from 161 ± 19 nm before adsorption to 227 ± 13 nm. Although the monitored 
As (V) adsorption yields did not vary after 30 min and after 1 h, the Cu nanofiber morphology 
is significantly different, implying a change in the arsenic crystallization pathway.  
Figure 6.3 (D, E, F) shows the variation in morphology at the surface of Cu-based 
nanofibers reduced at 700°C. After 1 min, a formation of rod crystals below 100 nm in length 
can be seen across the fibers surface. After 30 min, which corresponds to a similar As (V) 
uptake as after 1 min, the rod crystal formation has disappeared but instead a denser fiber 
coverage with near spherical crystals is observed, along with a loss in the homogeneity of the 
fiber morphology, with also the appearance of a crystal film formation between neighbouring 
fibers. After 1 h, a development of the film formation between the neighbouring fibers and a 
further loss in the shape homogeneity of the nanofiber surface crystals occurred. Fiber diameter 
was shown to remain constant at around 189 ± 12 nm.  
Figure 6.3 (G, H, I) shows the variation in morphology at the surface of Cu-based 
nanofibers reduced at 600°C. After 1 min, no significant change compared to the initial 
nanofibers could be observed at this scale, although smaller features, below the resolution limit 







covering density increased, with local discrepancies in the distribution homogeneity and crystal 
size. After 1 h, the process of surface crystal growth continued, going from an average size of 
26 ± 7 nm after 1 min to 42 ± 5 nm after 1 h. The localized growth of larger clusters observed 
after 30 min of reaction can be assumed to result in the presence of flower-like crystals of in 
average 147 ± 4 nm size attached to the fiber surface, as well as larger rectangular shaped 
crystals of over 500 nm in length, observed after 1 h. Fiber diameter was shown to slightly 
increase, going from 184 ± 9 nm before adsorption to 196 ± 26 nm after 1 h.  
The crystal scale formation and its arsenic-based composition was observed and 
confirmed in a TEM study, presented in Error! Reference source not found., thus on Cu n
anofibers after 1 h of adsorption.  
 
Figure 6.4. EDS spectrum (A) and TEM micrograph (B) of a PVA-Cu nanofiber reduced 
at 800ᵒC after 1h of adsorption of As (V). A red cross on the micrograph indicates the 
location of the shown spot EDS. Conditions: pH 8.45 (natural pH), initial concentration 
500 mg/L, adsorbent dose 0.2 g/L.  
 
Besides the scales, the disappearance of the initial Cu near spherical surface clusters 







with ICP, it can thus be reasonable to assume that the crystal scales could be of a copper-arsenic 
composition.  
A spot EDS spectrum was acquired on one of the scales present at the fiber surface, and 
confirms the presence of arsenic and the absence of sodium which could have potentially be 
adsorbed from the arsenic salt. As the fibers as well as the TEM grid are constituted of copper 
and carbon, no precise quantitative analysis could be carried out. The presence of oxygen was 
also revealed, which is consistent with the crystallization of adsorbed arsenic oxyanion thus 
forming an arsenic oxide compound.  
Analysis 
Correlating back to the nanofibers original morphology discussed in Chapter 5 
(section 5.2), the 600°C reduced fibers did not show the surface protruding Cu-based clusters, 
but instead only a distribution of embedded copper oxide spherical crystals of 15 nm maximal 
size. In contrast, the 700°C and 800°C reduced fibers do present the aggregated surface clusters, 
along with the homogeneous distribution of embedded spherical crystals. With increasing 
reduction temperature, the surface clusters grew in size up to 55 nm, the spherical crystals were 
found to pack in a denser fashion towards the fiber surface, and the fiber diameter decreased 
from 189 to 161 nm.  
It is thus shown that the Cu-based nanofibers reduction temperature does influence the 
adsorption and crystallization pathway of the arsenic adsorbate. In fact, it can be reasonably be 
assumed that the film structure observed after 1 h of adsorption for the 700°C reduced fibers 
may evolve to the wider and thicker film structure observed after 30 min at the surface of Cu 
nanofibers, which difference in kinetics can be correlated to the lower proportion in copper 
atoms at the nanofiber surface. A significantly different surface morphology evolution was 







that it is the Cu surface clusters which induces its formation, while the homogeneous coverage 
in spherical arsenic adsorbate grows on the surface of the copper oxide surface crystals.  
A mechanism based on the amorphous crystallization and deposition from the reduced 
adsorbate is proposed to explain the film formations. However, physical interactions from the 
electric field neighbouring the nanofibers might also play a role in the localization of the films 
at the intersection between nanofibers. The film formations did appear amorphous, but contain 
below 20 nm size crystals. It remains challenging to say if the nano-crystals are only copper-
based from the composite polymer matrix or made of a copper-arsenic mixture from ionic 
binding and reduction of Cu (II) to Cu (0) and As (V) to As (III).  
The observed crystal growth through adsorption of arsenic species can be related to the 
filling of the electron vacancies created by the thermal reduction, enabling the re-structuration 
of defective copper oxide states, as revealed by the EXAFS and XPS depth profile studies. A 
report in the literature showed that preferential adsorption sites on copper clusters were near 
the most acute metal site, thus on the crystal edges, which can be in agreement with the filling 
of the defective copper oxide states [490].  
In the case of Cu-based fibers reduced at 600°C, the presence of microscale-grown 
crystals might be explained by the removal of a copper surface atom by the arsenic metalloid 
adatom, which would adsorb by substitution and initiate the formation of an adsorption island 
on the nanofiber web surface [221]. It can also be noticed that the microcrystals emerge from 
the junction between neighbour fibers, and thus the adsorbate island formation may as well 
result from the aggregation of brought close surface crystals, which could lead as well to a Cu-
As composition.  
Correlating the observed adsorbate morphology at the Cu-based nanofibers surface to 







consequence from the fiber junction and the physical release of anchored microcrystals. In the 
case of 700°C reduced fibers, the film formation and its further stretching between 30 min and 
1 h provide another ground for arsenic adsorption and may thus explain the desorption-
adsorption oscillation observed after 1 min adsorption. In the case of 800°C reduced nanofibers, 
the significant change in adsorbate crystallization from round shaped crystals to scales can be 
attributed to a solution pH variation from the significant uptake which modifies the balance of 
arsenic species in solution, as further discussed in the following section. Considering the 
significantly higher yield of arsenic removal achieved, 800°C as the fiber thermal reduction 
temperature was pursued with for the rest of this study.  
 
6.1.1.3. Influence of solution pH on the uptake of As (V)  
 
The Cu nanofiber adsorption behaviour towards a varying balance of arsenic species in 
solution was then investigated, in regard to solution pH as well as ionic strength. Consistently 
with the industrial effluent study presented in Chapter 7, a strong acidic pH of 2.1 was trialled, 
as well as a pH of 4.6 close to the neutral zone. Those solution pH of 2.2 and 4.6 were achieved 
by addition of respectively 1 M and 0.1 M HCl, and the fibers performance in these conditions 
was benchmarked with natural conditions of pH 8.5. 
The E-pH diagram for an arsenic in water system is presented in Figure 6.5 [506]. The 
dissociation equations of as (V) are presented below in Equation (6.1 to 6.3) [93, 507]: 
𝐻3𝐴𝑠𝑂4 = 𝐻
+ + 𝐻2𝐴𝑠𝑂4
−, 𝑝𝐾𝑎 = 2.1 (6.1) 
𝐻2𝐴𝑠𝑂4
− = 𝐻+ + 𝐻𝐴𝑠𝑂4
2−, 𝑝𝐾𝑎 = 6.7 (6.2) 
𝐻𝐴𝑠𝑂4
2− = 𝐻+ + 𝐴𝑠𝑂4









Figure 6.5. E-pH diagram of Arsenic in water system [506]. 
 
Thus, at pH 2.1 is As (V) equally present in the neutral 𝐻3𝐴𝑠𝑂4 form and monovalent 
𝐻2𝐴𝑠𝑂4
− ion. At pH 4.6, As (V) is present predominantly as monovalent 𝐻2𝐴𝑠𝑂4
−. At natural 
pH 8.45, As (V) is present predominantly as divalent 𝐻𝐴𝑠𝑂4
2−.  
Results 
The uptake of As (V) at the three initial pH in function of time is presented in Figure 








Figure 6.6. Adsorption of As (V) performance in function of reaction time for varying 
pH at 8.45 (natural pH), pH 4.62, and pH 2.12 adjusted by addition of HCl (A) and 
monitored Cu (II) ion concentration with reaction time in the pH 2.12 system (B). 
Conditions: PVA-Cu nanofibers reduced at 800ᵒC, initial concentration 500 mg/L, and 
adsorbent dose 0.2 g/L.  
 
The Cu nanofibers performed significantly better with an initial pH of 8.5 compared to 
initial pH 4.6 and pH 2.1, reaching a maximal yield of 72%, compared to respectively 20 and 
21 % for initial pH 4.6 and pH 2.1. Considering the zero point-of-charge of copper and copper 
oxide surface to be situated in the pH 9.0-9.5 range, it could therefore be expected that the 
chemisorption by pH interaction would be lower with initial pH conditions further from the 
basic zone [500, 508, 509]. Nevertheless, an uptake of 20% translates to a capacity of 500 
mg/g, which is still in the upper range of reported adsorption performance, though comparable 
initial concentrations are hardly reported, as presented in Chapter 2 (section 2.2.3). For 
instance, α-MnO2 nanofibers with an initial concentration of 270 mg/L and a dose of 0.5 g/L 
at pH 6 reached a capacity of 60 mg/g [92]. Also, iron oxide-graphene oxide nanocomposites 
with an initial concentration of 350 mg/L and a dose of 0.8 g/L at pH 3 reached 113 mg/g of 







 Regarding the adsorption trend, the Cu nanofibers followed a similar pattern with an 
initial pH of 2.1 and natural pH 8.5, corresponding to an exponential-type adsorption until 
plateau followed by desorption. However, if the adsorption plateau is attained at 30 min and 
until 1 h in natural conditions, the adsorption plateau is reached after 15 min only with initial 
pH 2.1. In contrast with initial pH 2.1 and 8.5, an oscillatory adsorption trend is observed with 
initial pH 4.6, first peaking up at 1 min with 15 %, before peaking down at 15 min with 5%, 
peaking up again at 30 min with 20 %, and decreasing slightly to 18 % after 1 h. 
With an initial pH of 2.12, the catalytic potential of copper is activated, and Figure 6.6 
(B) shows the release in copper monitored during adsorption [93]. The release in copper ion 
steadily increased to a maximum of 85 mg/L after 30 min before plateauing to 83 mg/L after 
1h.  
With initial pH 8.5, the solution pH decreased down to pH 7.7, pH 7.1, and pH 6.8 
respectively after 1 min, 30 min and 1h. It comes that the initially predominant 𝐻𝐴𝑠𝑂4
2− 
decreased in concentration for the rise in 𝐻2𝐴𝑠𝑂4
− down to equal proportions after 1 h of 
reaction (pKa = 6.7). 
With initial pH 4.6, the solution pH decreased down to pH 4.4 after 1 min, before 
increasing to pH 5.2 and pH 6.3 respectively after 30 min and 1h. It comes that the initially 
predominant 𝐻2𝐴𝑠𝑂4
− after 1 min decreased in concentration, for the increase in 𝐻𝐴𝑠𝑂4
2−, up 
to near equal proportions after 1 h of reaction (pKa = 6.7). 
With initial pH 2.1, the solution pH was found to increase from the release in Cu2+ ions 
in solution, to pH 3.6 and pH 3.8 after 30 min and 1 h. It comes that initially equally present 
𝐻3𝐴𝑠𝑂4 decreased for the rise of 𝐻2𝐴𝑠𝑂4
−, reaching a near total presence of 𝐻2𝐴𝑠𝑂4









 To further help the understanding of the observed adsorption pattern and measure the 
influence of the arsenic specie to adsorb on the crystallized adsorbate structure, a SEM/TEM 




Figure 6.7. SEMs after adsorption of As (V) for 30 min and 1h respectively, at pH 8.45 
(A, B), pH 4.6 (D, E) and pH 2.12 (G, H). Corresponding TEMs after 1h reaction time 
(C, F, I). Conditions: PVA-Cu nanofibers reduced at 800ᵒC, initial concentration 500 
mg/L, adsorbent dose 0.2 g/L.  
 
Figure 6.7 (A, B, C) presents the variation in fiber morphology for an adsorption at 







fibers after 30 min before a change in adsorbate crystallization pathway resulting in a 
homogeneous fiber surface coverage with crystal scales. 
Figure 6.7 (D, E, F) presents the Cu nanofibers morphology during adsorption at initial 
pH 4.62. After 30 min, spherical particles of size up to 1.6 µm had formed, simultaneously 
with a decrease in the average fiber diameter around the spherical particle, from 161 ± 19 nm 
down to 100 ± 12 nm. The microparticles do present a surface texture similar as to the Cu 
nanofibers surface, and from the significant fiber diameter decrease around the microparticle, 
it can be reasonably assumed that the particle was formed from the Cu nanofiber matrix. 
Surface tension might be advocated for the observed mass transport [510, 511]. After 1 h, the 
spherical particles could no longer be observed, but instead the formation of a dense film within 
the fiber layers had occurred. Anchored onto the film surface, a growth of crystals of no 
particular shape and of varying size between 160 nm and 1.3 µm could be observed, in addition 
of another crystal population of a size below 20 nm. From the TEM image, it can be seen that 
the film covering the fibers does have a crystalline structure, showing crystal lines though 
significantly interspaced by 13 nm. The film-embedded spherical crystals size could be more 
precisely estimated to an average of 11 nm.  
Figure 6.7 (G, H, I) presents the variation in Cu nanofiber morphology during 
adsorption at initial pH 2.1. After 30 min, nanoparticles were formed, however unlike at an 
initial pH of 4.62, two classes of particle sizes could be distinguished, respectively of 92 ± 8 
nm and 435 ± 37 nm, found both in aggregates with the latter being partially embedded in an 
amorphous matrix. Besides, contrary to at initial pH 4.6, the formed nanoparticles showed a 
smooth surface. After 1h, a film was found covering all the fibers, forming an above layer. A 
section of the film was peeled off, revealing that the fibers below were preserved in shape, and 







could be seen to the naked eye with a white-blue colour, thus not infirming the possibility of 
an intermixing of arsenic (III) or (V) and copper (II). A TEM of one of the nanofibers below 
the film confirmed the presence of surface spherical clusters, though in a lower density 
compared to before adsorption. The surface crystal imaged is shown to result from the 
agglomeration of smaller size spherical crystals, of a size estimated to 122 nm. A difference in 
transparency in the partially embedded crystals on the fiber surface was also observed, which 
was attributed to the imprint holes left from the release in Cu (II) ions. It can be seen that only 
the close-to-surface embedded copper crystals were released.  
To further investigate the interactions between arsenic and copper in function of initial 
pH, a XPS study was conveyed to enlighten the different bounds formed as well as the 
oxidation states of arsenic present at the fiber surface. The results are presented in the following 








Figure 6.8. XPS Survey (A), and C1s (B) spectrum for a web of Cu nanofibers after 1h 
of As (V) adsorption reaction at 500 mg/L initial concentration, 0.2 g/L adsorbent dose, 
in function of solution pH. In the C1s spectra, (1), (2), (3) correspond respectively to C-
C bonds, C-O bonds, and copper carbonate.  
Figure 6.8 (A) presents the variation in the XPS Survey spectrum at the surface of Cu 
nanofibers after 1 h of As (V) adsorption at initial pH of 2.1, 4.6 and 8.5 respectively. For all 
pH considered, the adsorbent surfaces confirmed the presence of arsenic, accounting 
respectively for 1.87, 1.64, and 1.96 at% with increasing pH. In contrast, copper and oxygen 
respectively accounted for 4.29, 3.87, 5.47 at % and 25.10, 21.86, and 25.24 at % with 
increasing pH. Carbon remained the main element recorded and was found accounting 
respectively for 64.51, 70.98, and 67.33 at% with increasing pH, testifying of the larger fiber 
adsorbate coverage at initial pH 2.1 and 8.5.  
Figure 6.8 (B) presents the variation in C1s spectrum in function of adsorption initial 
pH. The C1s contribution was overall found unchanging between the three fiber webs. This 
invariance is consistent with the not significant role played by the fiber matrix in the As (V) 
uptake, as shown in the previous EM study. The C1s spectra was further deconvoluted into the 
three contributions defining the crosslinking and thermally reduced PVA-Cu matrix, namely 
C-C bounds (1), CO bounds (2) and copper carbonate (3) [441, 445]. The C-C bound (1) 
contribution was determined around 284.0 eV, with a 0.4 eV energy shift for initial pH 8.5, and 
accounting for 61, 59, and 64 % with increasing initial pH. The CO bound (2) contribution was 
determined around 284.8 eV, representing 29, 35 and 27 % with increasing initial pH. Both 
concentrations in C-C (1) and CO (2) bounds are consistent with the previous XPS study at the 
Cu nanofibers surface before adsorption. Finally, the metal carbonate (3) contribution was 
determined around 287.8 eV, accounting for 10, 6 and 9% with increasing pH. Before 







decrease in copper carbonate bounds thus implies that a minor part of Cu (II) present in the 
polymer matrix did react in the presence of As (V), mostly with initial pH 4.6. However, the 
minor variation confirms that the polymer matrix within the Cu nanofibers did not play a major 
role in the ion uptake.  
 
Figure 6.9. XPS O1s (A) and Cu2p (B) spectrum for a web of Cu nanofibers after 1h of 
As (V) adsorption reaction at 500 mg/L initial concentration, 0.2 g/L adsorbent dose, in 
function of solution pH. In the O1s spectrum, (1), (2) correspond respectively to plausibly 
CuO and As2O3, CO and metal carbonate bonds. In the Cu2p spectra, (1), (2) correspond 
respectively to plausibly Cu-As, CuO and metal carbonate.  
 
Figure 6.9 (A) shows the variation in the O1s spectrum at the Cu nanofibers surface. 
Before adsorption, three contributions from copper carbonate, CO bounds and copper oxide 







bounds contributions could be made with certainty, as further distinctions were found 
challenging to determinate the rightful proportion in each bond, from the overlap in their 
respective window of reported peak binding energies and FWHM [441, 459]. 
The first deconvolution made scatters around 530.9 eV (1) and accounts for 94, 82 and 
92% respectively with increasing initial pH. Lattice CuO and arsenic oxide, both type As2O3 
and As2O5, are reported to scatter respectively at 529.6 eV and 531.9 eV in the literature [441, 
460]. This predominant scattering at 530.9 eV (1) can thus be consistent with an overlap of 
lattice CuO and lattice arsenic oxide in nearly equal proportions, as the average of both 
theoretical peak binding energies is 530.8 eV, as well as explain the wide peak FWHM of 2.0 
eV. However, a peak binding energy of 530.9 eV (1) is also consistent with the scattering of 
defective CuO, usually reported at 530.99 eV with a peak FWHM of 1.97 eV, which might 
thus contribute as well in this metal oxide scattering contribution [460].  
The second deconvolution made scatters at 532.6 eV, 532.0 eV and 533.1 eV (2) and 
accounts for 6, 18 and 8 % respectively with increasing pH. This variation trend is consistent 
with the variation in copper carbonate observed in the C1s spectra. However, both CO and 
copper carbonate bounds are reported to scatter between 531.5 eV and 532.0 eV [459]. 
Nevertheless, the additional presence of H2O may be argued to explain the shift of average 
peak binding energy for the contribution of organic oxygen bounds [512].  
Figure 6.9 (B) presents the variation in the Cu2p spectrum after As (V) adsorption, in 
function of initial pH. The respective CuLMM peaks are presented in Appendix 4 (Figure A4.2). 
All three spectra show a distinctive CuO predominant composition from the adsorbent surface 
oxidation, as per the shape of the CuLMM peak and as testified by the presence of strong satellites 







 The main Cu2p3/2 peak was further deconvoluted into two contributions, with the first 
one scattering around 932.0 eV (1) and accounting for 12, 26, and 16%, respectively with 
increasing initial pH. In the literature, Cu metal and lattice Cu2O are often reported to scatter 
at 932.6 eV and 932.4 eV [460]. However, the fibers surface oxidation layer does not let 
envisage that in average 20 % of the copper bounds could be from a Cu (I)+Cu (0) contribution. 
Instead, it is argued that this deconvolution around 932.0 eV (1) reflects the presence of Cu-As 
bonds, and may be combined with a less significant presence of Cu2O underlying the fiber 
surface. Indeed, though the scattering of copper-arsenic compounds is scarcely reported in the 
literature, it was found for instance that Cu3AsS3 compounds were reported to scatter at 932.3 
eV, thus not infirming the possible correlation between a peak energy below 932.4 eV and a 
copper-arsenic structure [460].  
The second deconvolution made scattered at 934.2 eV (2), and accounted for 88, 74, 
and 86 % respectively with increasing initial pH. This deconvolution stands for the 
predominant contribution of Cu (II) compounds, both from lattice CuO, which in the literature 
is reported to scatter at 933.6 eV, overlapped with the presence of copper carbonate, which is 











Figure 6.10. XPS As3d spectrum for a web of Cu nanofibers after 1h of As (V) adsorption 
reaction at 500 mg/L initial concentration, 0.2 g/L adsorbent dose, in function of solution 
pH. In the As3d spectrum, the scattering peak was associated to the presence of As2O3.  
 
Figure 6.10 presents the As3d spectrum at the surface of Cu nanofibers after adsorption 
of As (V) with varying initial pH. The As3d peak, scattering at 44.6 eV, did not require further 
deconvolution, reflecting the total presence of species such as As2O3, consistently with 
literature reports of peak binding energy of 44.1 eV or 44.9 eV [441, 459]. In comparison, As 
(V) oxide type As3O5 and As metal are reported to scatter at 45.8 eV and 41.4 eV respectively 
[441]. The absence of As (V) oxide thus shows the total reduction of As (V) to As (III). Peak 
FWHM was found to decrease from 1.56 eV to 1.43 eV and 1.36 eV with increasing initial pH, 
thus indicating that As (III) oxide is not the single As (III) specie present, thus not infirming a 







confirm the As3d scattering from a copper arsenic compound. The adsorption and surface 
reduction of As (V) to As (III) has been observed before on metal oxide nanostructures, such 
as on magnetite nanoparticles [513, 514]. The surface reduction was found in that case to 
mostly occur from reaction with oxygen when exposed to air, with a As (V) reduction rate of 
14% [513]. However, here considering the total reduction of As (V), a redox reaction with the 
Cu nanofibers cannot be ignored.  
Analysis  
Correlating the pH variation to the imaged adsorbate structures, the changes in the 
adsorbate crystallization pathway can be linked to the variations in the fractions of As (V) 
species present in solution. Indeed, a film formation at the intersection between nanofibers can 
be seen after 30 min at initial pH 8.5 and after 1 h at initial pH 4.6. Yet, this adsorbate 
morphology is observed when near equal proportions in monovalent 𝐻2𝐴𝑠𝑂4
− and divalent 
𝐻𝐴𝑠𝑂4
2− are present, with both solution pH measured to ± 0.4 from 6.7, which stands for the 
dissociation reaction pKa [93, 507]. Likewise, the variation in solution pH between 1 and 30 
min at initial pH 2.1 correlates to the disappearance in neutral 𝐻3𝐴𝑠𝑂4 to the benefit of 
monovalent 𝐻2𝐴𝑠𝑂4
−.  
Correlating the imaged structures to the ion uptake, the oscillation trend at initial pH 
4.6 may be explained by the release of the formed microparticles into a precipitate, enabling 
the film formation and bringing new adsorption sites for arsenic, and thus a novel increase in 
performance. Concerning initial pH 2.1, the gradual decrease in adsorption starting before 30 
min may be attributed as well to the partial release in the formed nanoparticles, and their 
aggregation towards a precipitate film structure in the presence of previously released Cu2+. 
Difference in adsorbent surface electronegativity was advocated earlier to explain the 







and the initial pH 4.6 and 2.1 [500]. However, this cannot be held true as solution pH was found 
converging towards 6.7 for initial pH 8.5 and 4.6. But instead, the increase in solution ionic 
strength may play a significant role in the uptake limitation, influencing by their presence the 
electric attraction forces between the arsenic anion and the positively charged copper surface 
[515].  
Correlating the imaged structures to the adsorbent surface composition analysis after 1 
h of adsorption, the intermixed Cu-As structure is shown at initial pH 2.1, with the formation 
of the white-blue adsorbate overlay. The not significant variation in copper-polymer bounds is 
consistent with the copper release from the copper oxide surface crystals, as shown by the 
imprint holes along the nanofibers surface. At initial pH 8.5, the fact that no imprint of the 
disappearance of the copper surface clusters is visible further suggests that the scales are of a 
copper-arsenic mixed composition. At initial pH 4.6, the hypothesis of the fiber composite 
polymer matrix mass transport to be the cause of the film formation is consistent with the 
surface XPS results, which indicate a significant decrease in copper-polymer bounds from its 
up-surface bringing and reduction with arsenic from the film formation, thus explaining the 
crystal formation on its surface. For all initial pH, the concentration in metal oxide bounds was 
found consistent with a half/half representation of copper oxide and arsenic oxide. Such an 
equal balance further suggests the interplay of copper and arsenic in the formed adsorbate 
crystal.  
6.1.1.4. Influence of As (V) initial concentration (IC)  
 
While 500 mg/L as As (V) initial concentration was chosen consistently with the 
industrial contaminated water sample received, the performance of Cu nanofibers was further 







concentration level more realistically corresponds to an occurrence of arsenic groundwater 
contamination, and thus enables a more acute performance comparison with reports from the 
literature [517]. In addition, the comparison of the two performance profiles further give an 
insight on the appropriate adsorbent dose to ion initial concentration ratio, as well as on the 
influence of As (V) concentration on Cu nanofibers adsorption kinetics. 
Results 
Figure 6.11 presents the uptake of As (V) in natural conditions by Cu nanofibers as a 
function of initial concentration (IC) respectively of 120 mg/L and 500 mg/L.  
 
Figure 6.11. Uptake of As (V) in function of reaction time for an initial concentration 
(IC) of respectively 500 mg/L and 120 mg/L. Conditions: PVA-Cu nanofibers reduced at 
800ᵒC, natural pH, adsorbent dose 0.2 g/L.  
 
In comparison of the maximal 72 % removal with a 500 mg/L initial concentration, the 
Cu nanofibers reached above 98.6% removal with an initial concentration of 120 mg/L. This 







capacities reported for this level of initial concentration, as presented in Chapter 2 (section 
2.2.3). For instance, membranes of iron oxide and polydopamine were reported to reach 325 
mg/g for an initial concentration of 100 mg/L and a dose of 0.1 g/L at pH 7 [85]. Also, 
nanofibers of poly(acrylo nitrile) modified with carbon nanotubes and functionalized TiO2 with 
amine groups reached 249 mg/g adsorption capacity for an initial concentration of 100 mg/L 
as well and a dose of 0.5 g/L at pH 2 [94]. 
The fibers were found to follow a similar adsorption pattern, however significantly 
varying in kinetics. Indeed, in both systems, a spontaneous adsorption phenomenon gives rise 
to a first adsorption peak at 1 min, before a desorption cycle and a re-adsorption until 
plateauing. After 1 min, the fibers adsorbed 28 and 36 % with increasing IC. In the case of 500 
mg/L IC, the desorption between 1 min and 5 min is marginal, of 3 %, and might thus be 
occulted. In contrast, with a 120 mg/L IC, the fibers desorbed virtually all arsenic adsorbed 
between 1 and 15 min. The exponential-type re-adsorption following was recorded between 5 
and 30 min with the uptake rising from 33 % to 72 % with 500 mg/L IC, while it was recorded 
from 15 min to 3 h with the uptake rising to 99 % with a 300 mg/L IC.  
The higher As (V) initial concentration thus resulted in faster uptake kinetics, with 
respectively 54.0 g As/g adsorbent/h and 3.9 g/g/h for the two adsorption legs, compared to 
respectively 10.1 g/g/h and 216.0 mg/g/h with a 120 mg/L IC.  
 
A SEM study was also performed to investigate the influence of ion concentration on 
the development of the crystal adsorbate structure, as a function of adsorption time. The results 
are presented in Figure 6.12, after respectively 1 min, 15 min, 30 min, 1 h and 3 h of reaction. 







on the left column, in Figure 6.12 (A, C, E, G, I), while on the right for an IC of 500 mg/L, in 








Figure 6.12. SEMs obtained after adsorption of As (V) for respectively 1 min, 15 min, 30 
min, 1h and 3h reaction times for an initial concentration of 120 mg/L (A, C, E, G, I) and 
500 mg/L (B, D, F, H, J). Conditions: PVA-Cu nanofibers reduced at 800ᵒC, natural pH, 
adsorbent dose 0.2 g/L. 
After 1 min, and with a 120 mg/L IC, the Cu nanofibers surface showed to be totally 
covered and outgrown with adsorbate crystals, though still respecting the fiber with protruding 
surface clusters morphology. Over 1 min, some adsorbate crystals grew over 500 nm in size, 
which entailed a surface pore blocking effect, though not always as the web surface layer is not 
flat, however still in a measure preventing the As (V) diffusion after spontaneous 
adsorption/reduction. In contrast, with an IC of 500 mg/L, the Cu nanofibers showed a structure 
similar as to before adsorption, with arsenic adsorption on the fiber surface crystals, but not in 
a size consequent enough to cover the fiber matrix. 
After 30 min, in the IC 120 mg/L system, the fibers showed to have desorbed the 
previous adsorbate structure as well as the original fiber surface clusters. Instead, the fibers 
present a homogeneous morphology, with a homogeneous coverage of scale-shaped crystals 
around their surface. The crystal scale size was estimated below 63 nm, thus not hindering the 
ion diffusion through the nanofiber web, as its average pore size lays over 1 µm. In comparison 
with an IC of 500 mg/L, no scale-like crystals were observed yet, but instead the local formation 
of semi-amorphous films. 
After 1 h at an IC of 120 mg/L, the growth of the surface adsorbed scale-like crystals 
was estimated to a length around 96 nm. In addition, crystal structures of rectangular shape of 
up to 1.8 µm in length, with surface grown flower crystals of 150 nm average size could also 
be observed disparately on the web surface. In comparison with an IC of 500 mg/L, the Cu 







of a size estimated to 73 nm. The higher As (V) uptake also translate here by an increase of the 
Cu nanofibers surface of contact from the fiber diameter decrease from the film formation.  
After 3h of reaction, with an IC of 120 mg/L, the crystal coverage density and size 
growth entailed a significant variation in the fiber web aspect. Indeed, though the web fiber 
morphology is preserved because of a total and homogeneous coverage, the adsorbate crystal 
layer grew in thickness and lost its scale morphology for a sprouting of no particular shape 
crystals crystal of a size below 265 nm. This structure translates the total removal of As (V) in 
solution. In comparison with an IC of 500 mg/L, a desorption phenomenon occurred and the 
fibers present a crystal surface coverage of an average size of 75 nm, although of a lower 
density compared to after 1 h of reaction.  
Analysis 
Correlating the observed fiber morphology to the monitored ion uptake, a similar 
pattern of adsorbate scale formation after a first desorption was observed with both IC, though 
at different reaction times. Indeed, if the scales formation is first observed after 30 min with a 
120 mg/L IC, it is observed at the Cu nanofibers surface after 1 h with a 500 mg/L IC. This 
difference can however be explained by the lower ion uptake needed in the case of 120 mg/L 
IC to switch the balance of As (V) oxyanions in solution from pH variation.  
The quantity of As (V) salt present around the Cu nanofibers surface did have a major 
effect on the spontaneous adsorption behaviour of the nanofibers. Indeed, with both a 120 and 
500 mg/L IC, the spontaneous removal yield was found in the same range order around 25 %, 
translating a much faster uptake for the higher IC. This phenomenon is explained in the case 
of 120 mg/L IC by the readily adsorption/surface reduction on the nanofibers surface clusters 
and partially embedded spherical crystals upon contact with the web surface layer, electrically 







In contrast, in the increased presence of As (V) species, the balance of electric interactions was 
found to enable As (V) diffusion through the fiber web, limiting the layer of adsorbate coverage 
on the web surface layer exposed crystals. However, as previously shown, this adsorption 
behaviour led to the electro-attraction of neighbour fibers two-by-two, with the electric pull of 
fiber matrix inducing a mass-transport and film formation between the fibers.  
6.1.1.5. Kinetics of As (V) adsorption  
 
As (V) adsorption kinetics by Cu nanofibers in natural conditions and for an initial 
concentration of 500 mg/L were investigated using linear, pseudo-first order, pseudo-second 
order and inter-particle diffusion kinetic models during the adsorption leg between 0 min and 
1 h. The pseudo-second order kinetic model (PSO) was found to best describe the experimental 
data, as shown in Appendix 4 (Figure A4.1).  
 The obtained R2 value of 0.97 may be considered low and that the PSO does not fully 
describe the adsorption phenomenon, however the oscillatory adsorption pattern may induce a 
greater error [518]. The predicted equilibrium adsorption capacity was found of 1,905 mg/g, 
marginally above the experimental value of 1,760 mg/g reached after 1 h of reaction. The PSO 
constant K2 was calculated to 372 g/mg.min. The suitable fit to the PSO kinetic model thus 
confirms chemisorption as the rate-limiting step in the uptake of As (V) [519].  
 
6.1.1.6. Influence of ion valence on the uptake of arsenic 
 
The Cu nanofiber performance in As (V) adsorption was compared with As (III), to 
assess the impact of ion valence onto the process of adsorption-surface reduction, as it has been 







The distributing equations of As (III) are presented in Equations (6.4 to 6.6) [93]: 
𝐻3𝐴𝑠𝑂3 = 𝐻
+ + 𝐻2𝐴𝑠𝑂3
− , 𝑝𝐾𝑎 = 9.1  (6.4) 
𝐻2𝐴𝑠𝑂3
− = 𝐻+ +  𝐻𝐴𝑠𝑂3
2− , 𝑝𝐾𝑎 = 12.1 (6.5) 
𝐻𝐴𝑠𝑂3
2− = 𝐻+ + 𝐴𝑠𝑂3
3− , 𝑝𝐾𝑎 = 13.4  (6.6) 
Thus at pH 8.5, the predominant As (III) specie present in solution is neutral 𝐻3𝐴𝑠𝑂3, 
compared to divalent 𝐻𝐴𝑠𝑂4
2− for As (V) [93]. 
Results 
The As (V) and As (III) ion uptake comparison is presented in Figure 6.13, performed 
in similar condition though with the addition of 0.1 M HCl to lower solution pH to 8.5 in case 
of As (III) adsorption.  
 
Figure 6.13. Uptake of arsenic as a function of reaction time and with varying ion valence 
respectively as As (V) and As (III). Conditions: PVA-Cu nanofibers reduced at 800ᵒC, 








Cu nanofibers performed significantly better in the uptake of As (V), as they reached 
12% maximum removal for As (III), which still translates a high adsorption capacity of 300 
mg/g, compared to the literature, as discussed in Chapter 2 (section 2.2.3). For instance, the 
iron oxide-graphene oxide nanocomposite adsorbent were found to reach a capacity of 147 
mg/g for an initial concentration in As (III) of 400 mg/L and a dose of 0.8 g/L at pH 7 [84]. 
Previous reports in the literature considering metal oxide adsorptive nanostructures 
usually suggest either a not significant influence of ion valence or instead a significantly 
enhanced uptake of As (III) compared to As (V) [92, 97, 117, 120, 280]. Indeed, CuO 
nanoparticles were for instance reported to adsorb 27 mg/g of As (III) against 23 mg/g of As 
(V) for an IC of 100 mg/L and a dose of 2 g/L [280]. In contrast, α-MnO2 nanofibers showed 
a capacity of 60.2 mg/g for As (V) against 118 mg/g for As (III) [92].  
The As (III) adsorption pattern was found oscillatory with an adsorption plateau 
reached from 1 min of reaction, thus spontaneously, and lasting after 15 min of reaction, with 
12 % removal. A desorption to 6 % had occurred at 30 min, before a slower re-adsorption to 
7.5% at 1 h.  
 
The variation in Cu nanofiber morphology during adsorption of As (V) and As (III) has 
been compared after 1 min, 30 min and 1 h of reaction by SEM. The results are presented in 









Figure 6.14. SEMs obtained after adsorption of As (V) (A, C, E), and As (III) (B, D, F) 
for respectively 1 min, 30 min and 1h. Conditions: pH 8.45, initial concentration 500 
mg/L, adsorbent dose 0.2 g/L. 
 
During As (III) adsorption, no significant change in the morphology of the Cu 
nanofibers surface was observed during the entire reaction time considered. However, this 







spontaneous adsorption phenomenon is believed to show by the adsorption of a proportion of 
As (III) ions onto the surface of the nanofibers surface crystals. With increasing time of 
reaction, the fibers can be seen to regroup into fiber bundles through electrostatic interaction, 
with the beginning of the formation of film structures at the fibers intersection after 1 h of 
reaction. This film formation can be advocated for the desorption phenomenon. In comparison, 
local film structures are observed after 30 min of reaction in As (V) adsorption, and 
significantly more developed.  
Analysis 
It was thus shown that the Cu nanofibers adsorption behaviour towards As (III) was 
similar to that of As (V), yet with significantly slower adsorption kinetics. Arsenic oxyanion 
electron valence is believed to play a role in the promotion of adsorption and surface reduction, 
as evidenced with the initial pH variation in As (V) adsorption. Yet, if a divalent oxyanion is 
initially present in the As (V) system, thus promoting bonding with Cu2+ ions, a neutral 
oxyanion is present in the As (III) system. Other parameters such as increased ionic strength 
and minor pH variation however close to the Cu nanofibers zero-point-of charge, plausibly 
from hydrogen dissociation reaction at the copper oxide crystal surface, could also be 
advocated to explain in a significant measure the lower As (III) uptake [520]. 
 
6.1.1.7. Selectivity of Cu nanofiber adsorbents in the uptake of As (V) 
 
Ion selectivity by Cu nanofibers was investigated in the case of As (V) adsorption with 
competing anions sulphate and phosphate, which are commonly found with arsenic in 
groundwater contamination or industrial effluents such as in acid mine drainage in the case of 







adsorption removal of As (V), sulphate and phosphate, both in the range of realistic arsenic 
contaminated waters.  
Table 6.1. Concentrations and uptake values of arsenic, sulphate, and phosphate in a 1:1 
molar ratio. Conditions: pH 8.2, adsorbent dose 0.2 g/L. 
 Initial concentration (mMol) Concentration after 1 h 
(mg/L) 
Removal (%) 
Arsenic 3.069 1.518 50.5 
Sulphate 2.786 2.776 0.5 
Phosphate 3.545 3.432 3.2 
 
Table 6.2. Concentrations and uptake values of arsenic, sulphate and phosphate in a 
realistic groundwater sample. Conditions: pH 8.4, adsorbent dose 0.2 g/L. 
 Initial concentration (mg/L) Concentration after 1 h 
(mg/L) 
Removal (%) 
Arsenic 124 69 60 
Sulphate 106 104 1 
Phosphate 77 73 6 
 
A near equimolar ratio at 3 mMol for the three contaminants, was considered in the 
system presented in Table 6.1 [81, 95, 123]. The initial concentrations in arsenic, sulphate and 
phosphate considered in the system presented in Table 6.2 were considered from a reported 
groundwater contamination occurrence in the literature [517]. After 1 h, in the equimolar 
system, 51% of arsenic was removed, while less than 5% phosphate and virtually no sulphate 
anions were adsorbed. In comparison, after 1 h and in realistic contaminated groundwater 
concentrations, 60% of As (V) was found removed, against 1% of sulphate and 6% of 







monitored, however the element was not detected on the adsorbent surface at this initial pH in 
the case of single As (V) adsorption. 
6.1.1.8. As (V) removal performance comparison with other metal-based 
nanofibers 
 
In this section is the performance of Cu nanofibers compared to that of the bi-metal Cu-
Ni and single metal Ni nanofibers. The aim of this performance comparison is to investigate 
the effect of the inclusion of copper into a reactive catalytic nickel surface with no chemical 
affinity towards arsenic, and evaluate the impact on the formed adsorbate structure.  
Figure 6.15 presents their respective uptake in As (V) with an initial concentration of 
500 mg/L at natural pH 8.5.  
 
Figure 6.15. Uptake of As (V) as a function of time for various metal nanofibers, 
thermally reduced from a PVA-Cu, PVA-Ni, and PVA-Cu/Ni precursor. Conditions: 








Cu-Ni nanofibers reached the highest removal of 96% after 15 min of reaction. In 
comparison, single metals Cu and Ni nanofibers respectively reached 72% and 49% removal 
after 30 min and 1 h. The fibers followed different adsorption patterns. Cu-Ni nanofibers 
showed to follow an exponential-type trend for both adsorption until 15 min, and desorption 
from 15 min to 1 h of reaction, from 96 to 37 % removal. In contrast, Ni nanofibers showed to 
spontaneously adsorb after 1 min with 40 % removal, before continuing to adsorb an additional 
9 % in 1 h. All the while, the Cu nanofibers showed to partially desorb after 1 min from 3 %, 
and adsorb As (V) again before plateauing after 30 min reaction. Spontaneous adsorption 
performance was found to follow the order Cu-Ni > Ni > Cu, with respectively 47, 40, 36 % 
removal. However, after 1 h of reaction, the trend has reversed to Cu > Ni > Cu-Ni, with 
respectively 72, 49, and 35 % removal. 
A SEM study showing the variation in fiber morphology during the uptake of As (V) 
after 1 min, 30 min and 1 h is presented respectively in Figure 6.16 (A, B, C) for Cu nanofibers, 











Figure 6.16. SEMs of Cu (A, B, C), Ni (D, E, F) and Cu-Ni (G, H, I) nanofiber adsorbents 
after adsorption of As (V) for respectively 1 min, 30 min and 1h. Conditions: initial 
concentration 500 mg/L, natural pH 8.5, adsorbent dose 0.2 g/L. 
 
The Ni nanofibers do not show a significant change in fiber morphology after 1 min, 
30 min and 1h reaction time, which is consistent with the relatively similar arsenic uptake at 
the three reaction times. A loss in the homogeneity of the fibers surface crystal size and shape 
distribution covering the fibers can be observed, hinting at the occurrence of localized As (V) 
adsorption on these surface crystals.  The Cu-Ni nanofibers do exhibit a significantly different 
fiber morphology compared to the single metal nanofibers, with the indiscernible adsorption 
of arsenic coating the fibers surface after 1 min reaction, though accounting for a nearly 50% 
yield of removal, due to the fiber diameter selective increase to 310 nm. The phenomenon of 







around 400 nm average fiber diameter, and leading to a significant reduction in fiber web pore 
size, as well as the appearance of disparate crystal bundles of varying size under 1.5 µm. After 
1 h, the fiber web was found almost entirely covered by an amorphous film layer.  
 
6.1.1.9.  Mechanisms of As (V) adsorption on Cu nanofibers  
 
At initial pH 8.5 / IC 500 mg/L, a first phase of adsorption within 30 min led to the 
formation of random amorphous film structures with surface crystals between the Cu 
nanofibers, which could indicate a preferential adsorption on Cu (0) or Cu2+ sites from the fiber 
matrix, before a change in the adsorbate crystallization pathway and the formation of growing 
scale-like crystals, which was suggested to occur on the CuO/Cu2O crystal edges. The change 
in adsorption/reduction reaction coincides with the decrease of solution pH below the threshold 
indicating a balance in the presence of two As (V) species, namely the initially present 𝐻𝐴𝑠𝑂4
2− 
and the rising 𝐻2𝐴𝑠𝑂4
−. Furthermore, the elemental study indicated a total reduction of As (V) 
hydroxide to As (III) oxide, a ratio of Cu:As of 2:1 at the nanofibers surface and a plausible 
occurrence of Cu-As metal bonding, with the copper ion acting as a seed for the arsenic 
hydroxide to crystallize on. It was thus proposed that the observed adsorption mechanism could 
be described by Equation (6.7) in the first leg and by Equation (6.8) in the second, according 
to the respective ion distribution equations at pH 6.8 [93].  
2𝐶𝑢 − 𝐻+ + 𝐻𝐴𝑠𝑂4
2− = 𝐻𝐶𝑢2𝐴𝑠𝑂4 + 2𝐻
+ + 2𝑒−, (6.7) 
𝐶𝑢2
+ − 𝑂𝐻 + 𝐻2𝐴𝑠𝑂4
− = 𝐶𝑢2𝐴𝑠𝑂3
+ + 𝐻2𝑂 + 𝑂𝐻
− ,        (6.8) 
 While a reduction pathway to the form H3AsO3 could also be accepted, a lower 







The arsenic reduction upon adsorption on reduced metal particles with a surface 
oxidation layer has been previously observed with zero-valent-iron [524]. And consistently 
with reports in the literature, Arsenic chemisorption on metal oxide surfaces is usually 
described as a ligand exchange reaction, with a first step of protonation of the metal surface 
hydroxyl group, and the replacement of the H2O ligand by the arsenic anion [513].  
In the case of initial pH 4.6 / IC 500 mg/L, the increase in solution pH reflected the 
disappearance of the H3AsO4 specie, as well as the decline in the dominance of 𝐻2𝐴𝑠𝑂4
−, for 
the rise in 𝐻𝐴𝑠𝑂4
2−. This change in predominant anion in solution reflects the different cycles 
of adsorption-desorption, as well as the observation of different adsorbate structures for a 
varying reaction time, such as the particle formation in the first leg of adsorption, and the in-
between fibers crystalline film formation for the second adsorption leg. 
In the case of initial pH 2.1 / IC 500 mg/L, the release in copper ions testifies from the 
ion exchange adsorption mechanism at stake. The formation of spherical nanoparticles can be 
observed during the first leg of adsorption, suggested from a reaction between Cu (0) and H+ 
ions, as observed to occur by the gathering of neighbouring fibers before the release of the 
spherical particle, leaving an area of the nanofiber web with significantly decreased fiber 
diameter.  In the first leg of adsorption, the H3AsO4 and 𝐻2𝐴𝑠𝑂4
− oxides of As (V) species are 
equally dominant, and it might thus be suggested that the dual size bin of particle size may 
stem from an influence of the reduction  of the two different As (V) oxyanions to As (III) oxide  
with different kinetics. The later film formation of a copper-arsenic oxide composition was 
obtained for a solution pH range where 𝐻2𝐴𝑠𝑂4
− became the predominant As (V) specie, and 










6.1.2. Adsorption of Copper (II) 
 
In the study of Cu (II) aqueous adsorption, a copper (II) nitrate salt was used, of formula 
𝐶𝑢(𝑁𝑂3)2 and of molecular weight 187.55 g/mol. Copper possesses an atomic mass of 63.546 
u [79]. 
6.1.2.1. Influence of reaction time on the uptake of Cu (II) 
 
Results 
Figure 6.17 presents the uptake of Cu (II) by Cu nanofibers at natural pH 4.6 in function 
of reaction time. The initial concentration (IC) was set to 350 mg/L, consistently to the received 
industrial water sample.  
 
Figure 6.17. Removal of Cu (II) by Cu nanofibers in function of time. Conditions: IC 350 








A maximal yield of 20% removal was observed after 30 min of reaction, corresponding 
to an adsorption capacity of 350 mg/g. This adsorption performance is in the upper range for 
reported capacities in this range of initial concentration. For instance, nanoporous MOF-5 
reached a capacity of 180 mg/g for an initial ion concentration of 300 mg/L and a dose of 0.4 
g/L at pH 5.2 [156]. 
The Cu nanofibers showed an oscillatory adsorption pattern over 24 h of reaction. A 
first leg of adsorption can be observed until 30 min, reaching the maximal 20 % removal, before 
a desorption phenomenon with a plateau around 14 % removal is reached from 1 h until 3 h. 
Consistently with arsenic adsorption studies, a reaction time of 1 h was considered to ensure 
the reach of the main adsorption peak. 
A SEM study investigating the adsorbate and Cu nanofibers morphology during 









Figure 6.18. SEMs of Cu nanofibers after adsorption of Cu (II) for respectively 15 min 
(A, D), 30 min (B, E), and 1h (C, F). Conditions: IC 350 mg/L, natural pH 4.6, adsorbent 
dose 0.2 g/L.  
 
Regarding morphology variations at the web surface, flower-like micro-crystals can be 
seen flourishing around Cu nanofibers after 15 min of reaction, as shown in Figure 6.18 (A), 







however are no longer seen with increasing time of adsorption. Instead, local micro-scale film 
formations are observed forming in-between the fibers, as shown in Figure 6.18 (B). These 
formations grew further in both width and thickness to form an embedded bead shape over 88 
µm in size, as shown in Figure 6.18 (C). 
Concerning variations in morphology at the nanofibers surface, a Cu (II) homogeneous 
adsorption on the fiber surface can be advocated for the increase in fiber diameter from 186 ± 
8 nm in Figure 6.18 (D) to 236 ± 15 nm after 30 min in Figure 6.18 (E) and to 295 ± 11 nm 
after 1h in Figure 6.18 (F). Though no significant change at the fibers surface is seen for the 
three reaction times, a phenomenon of electrostatic attraction between neighbour fibers can be 
observed, growing in intensity with increasing reaction time. After 1 h of reaction, the 
alignment and junction of couples of neighbour fibers together has become significant. 
Analysis 
Correlating the observed Cu nanofiber morphology during adsorption to the monitored 
ion uptake, it can be thought that the release of some of the overgrown micro-beads adsorbate 
structures is the cause of the monitored desorption phenomenon. Also, as the evidenced 
adsorption mechanism implied the full coverage of Cu nanofibers by reduced copper ions, and 
the electro-attraction between neighbour fibers, which entailed their fusion before 1 h of 
adsorption; a copper release phenomenon from the fiber junction can as well be advocated to 
explain the copper desorption. Contrary to arsenic adsorption studies, no radical change in 
adsorbate crystallization pathway was observed, but instead was found to follow a continuous 
evolvement.  








Cu (II) adsorption kinetics by Cu nanofibers were investigated using PSO over 30 min 
of reaction, in natural conditions and for an initial concentration of 350 mg/L. With a R² value 
of 0.98, the PSO was deemed to suitably describe the Cu (II) adsorption, while other common 
kinetic models returned a lower R² value [519].  The calculated adsorption capacity was found 
of 247 mg/g after 30 min, thus close to the experimental value of 241 mg/g. The PSO constant 
K2 was calculated to 222 g/mg.min. 
6.1.2.3. Influence of solution pH on the uptake of Cu (II)  
 
The Cu nanofiber adsorption behaviour towards a varying balance of copper species in 
solution was then investigated, in regard to solution pH as well as ionic strength. Consistently 
with the received industrial effluent study, a strong acidic pH of 2.2 was trialled, as well as a 
pH of 5.5 close to the neutral zone. Those solution pH of 2.2 and 5.5 were achieved by addition 
of respectively 0.1 M HCl and 0.1 M NaOH, and the fibers performance in these conditions 
was benchmarked with natural conditions of pH 4.6. 
The E-pH diagram for copper in water system is shown in Figure 6.19 [506]. The redox 
potentials were measured around and below 0.1 V respectively for the solutions with initial pH 
4.6 and 5.5, while at approximatively 0.3 V for the solution with initial pH 2.2. Thus, at initial 
pH 4.6 and initial pH 5.5, copper ions are monovalent Cu+, while at pH 2.2 copper exists as 
Cu2+. During adsorption, solution pH was found to remain invariant with increasing reaction 









Figure 6.19. E-pH diagram for a copper in water system [506]. 
 
Results 
Figure 6.20 presents the variation in Cu (II) uptake as a function of initial pH.  
 
Figure 6.20. Removal of Cu (II) by Cu nanofibers in function of time at natural pH 4.6, 







The highest removal remained of 20 %, obtained in conditions of natural pH, which 
thus suggests that an increased ionic strength in solution is detrimental to the adsorption 
performance, particularly as pH 5.5 is closer to the theoretical isoelectric point of copper oxide 
surfaces of 9-9.5 [500]. After 30 min at pH 5.5, the Cu nanofibers reached a peak removal of 
15 %, while it reached 7 % at pH 2.2. 
The Cu nanofibers followed a similar adsorption pattern, thus independently from the 
solution initial pH. The removal performance was found to follow the order pH 4.6 > pH 5.5 > 
pH 2.2, which itself follows the trend of increasing initial solution ionic strength. A phase of 
spontaneous adsorption is first observed after 1 min, before a second leg of linear adsorption 
with slower kinetics takes place until 30 min of reaction. After 30 min, the nanofibers partially 
desorbed. Interestingly, the off-set between the ion uptake at different pH remains invariant 
during the adsorption phase, though accentuated after 30 min in the case of pH 2.2, possibly 
because of the beginning of copper release. Indeed, after 1 min, the Cu nanofibers adsorbed 
3.5, 6.5 and 10 % respectively with pH 2.2, 5.5 and 4.6. After 15 min, the Cu nanofibers 
adsorbed 6, 9 and 15 % respectively with pH 2.2, 5.5 and 4.6. 
In the case of initial pH 2.2, the yields of removal were found particularly low, below 
10% and reaching negative values between 30 min and 1 h of reaction, thus confirming the 
concomitant copper ion adsorption at the fibers surface and the release of copper from the 
nanofibers into the system.  
An EM study was performed to investigate the variation in the Cu nanofiber 
morphology with varying pH, respectively after 15 min and 1h, and is presented in Figure 








Figure 6.21. SEMs of Cu nanofibers after Cu (II) adsorption for respectively 15min and 
1h at natural pH 4.6 (A, B), pH 5.5 (D, E), and pH 2.2 (G, H). Corresponding TEMs after 
1h of reaction (C, F, I). Conditions: IC 350 mg/L, adsorbent dose 0.2 g/L.  
 
Figure 6.21 (A, B) shows the fiber morphology variation for a natural initial pH of 4.6, 
which was previously discussed. A homogeneous coating of the fibers with reduced copper 
ions was revealed, entailing a growth of 110 nm on the average fiber diameter after 1h, as well 
as the junction of neighbouring fibers together, better noticeable after 1 h of reaction as well. 
The corresponding TEM micrograph of a Cu nanofiber after 1 h of adsorption is shown in 
Figure 6.21 (C), and further confirms the adsorbate copper reduction on the fiber surface, from 
the increased crystal density observed, which significantly covers the below spherical Cu2O 
crystals embedded in the fiber matrix. The covering crystals were found of no particular shape 







polymer matrix can be observed on one side of the fiber, which might be a consequence of the 
release of copper crystals from the fiber into the solution. However, since only noticeable on 
one side of the fiber, the rough fiber surface could also be a consequence from the separation 
of two joined neighbour fibers, obtained during dispersion for TEM imaging. 
Figure 6.21 (D) presents the morphology of Cu nanofibers after 15 min of Cu (II) 
adsorption at an initial pH of 5.5. Squared shape crystals of various sizes below 415 nm can be 
observed throughout the fiber web. The crystals have then been released into solution, as they 
cannot be observed after 1 h of reaction, as shown in Figure 6.21 (E). Concerning the Cu 
nanofibers, the fiber diameter increase from homogeneous copper adsorption could not be 
observed in a significant measure between 15 min and 1 h of reaction. However, a TEM 
micrograph of a Cu nanofiber after 1 h of reaction, presented in Figure 6.21 (F), enables the 
discernment of the formation of copper clusters at the fiber surface, thus testifying of an 
adsorption-surface reduction activity.  
Figure 6.21 (G) shows the variation in fiber morphology after 15 min in a system 
adjusted to pH 2.2. The fibers showed to keep their initial copper surface crystallites, and 
demonstrated a fiber morphology similar to before adsorption, which is consistent with their 6 
% uptake in Cu (II). After 1 h of reaction, as shown in Figure 6.21 (H), the fibers surface 
crystallites disappeared, but the fiber diameter was shown to remain invariant, indicating that 
the monitored copper desorption plausibly stemmed from the release of the surface crystallites, 
which can be understood as a consequence from their activated catalytic potential. An 
electrostatic attraction between couples of neighbour fibers could also be observed after 1 h, 
although in a lower amplitude than at pH 4.6. A TEM micrograph of a Cu nanofiber was taken 
after 1 h of reaction and presented in Figure 6.21 (I), showing the irregular presence of square 









An elemental analysis at the surface of Cu nanofibers was carried out by XPS for an 
initial pH of 4.6 and after 1 h of Cu (II) adsorption, in order to determine the nature of the 
coating layer crystallized on the adsorbent nanofibers. The results of the XPS study are 
presented in Figure 6.22.  
 
Figure 6.22. XPS Survey (A), C1s (B), O1s (C), N1s (D) and Cu2p (E) spectrum for a web 
of Cu nanofibers after 1h of Cu (II) adsorption reaction at 350 mg/L initial 
concentration, 0.2 g/L adsorbent dose, natural pH 4.6. In the C1s spectrum, (1), (2), (3) 
correspond respectively to C-C bonds, C-O bonds, and copper carbonate. In the O1s 







copper carbonate, lattice CuO. In the Cu2p spectrum, (1), (2) correspond respectively to 
Cu (I), Cu (II).  
The XPS Survey spectrum on the Cu nanofiber web surface is shown in Figure 6.22 
(A). Apart from the expected carbon, oxygen, and copper elements, nitrogen was also detected 
at 406.4 eV from the nitrate binding anion in the copper salt [434]. Nonetheless, the N1s 
contribution was shown to account for a marginal 1.5 at% on the fiber coating composition. 
Carbon and oxygen contents were found to account respectively for 43.1 and 46.0 at%. The 
lower proportion in carbon compared to above 60 % before adsorption confirms the presence 
of an adsorbate coating. Indeed, copper was found accounting for 9.4 at%, a substantial 
increase from its below 5 % proportion before adsorption. 
The C1s spectrum is presented in Figure 6.22 (B), and was deconvoluted into the 
contributions from the C-C bounds (1) at 284.3 eV and accounting for 81%, from the CO 
bounds (2) at 285.4 eV and accounting for 13%, and finally from copper carbonate (3) at 288.1 
eV and accounting for 6% [441]. The deconvolution was found typical of the thermally treated 
PVA-Cu matrix, except for a decreased proportion in copper carbonate, compared to 14 % 
before adsorption. Nevertheless, the marginal variation translates the non-significant impact of 
the polymer-based surface in the copper surface adsorption/reduction process. 
The O1s spectrum is presented in Figure 6.22 (C), and was deconvoluted into one 
major contribution at 531.7 eV (1) with a peak FWHM of 1.9 eV and accounting for 98%, and 
one minor contribution at 529.3 eV (2) with a peak FWHM of 0.7 eV and accounting for the 
leftover 2%. Further deconvolution was found challenging from the plausible overlap of the 
different bonds acceptable range of binding energies [441, 459]. However, the contribution 







The contribution at 531.7 eV (1) was however found consistent with the minor presence 
of nitrate bonds, CO bonds and copper carbonate, overlapping the presence of defective CuO 
and both lattice and defective Cu2O [441, 460]. Indeed, CO bonds and metal carbonate are 
often reported to scatter between 531.5 eV and 532 eV [441]. Meanwhile, the electron 
scattering in defective CuO has been reported for a binding energy of 530.99 eV [460]. As per 
the Cu2p spectrum, a Cu (II) oxide specie predominates at the nanofibers surface, a significant 
proportion of defective CuO is thus expected to contribute to the 531.7 eV (1) peak 
deconvolution. Lattice and defective Cu2O are reported in the literature to scatter at 530.2 eV 
and 531.6 eV [460]. Thus, an undefined proportion in Cu2O bonds can be estimated to further 
contribute to this O1s deconvolution. 
The Cu2p spectrum is presented in Figure 6.22 (E), with the CuLMM peak shown in 
Appendix 4 (Figure A4.2). The CuLMM peak showed to be typical from a Cu (II) structure, as 
confirmed by the strong presence of Cu2p satellites in the main Cu2p spectra [460]. The 
Cu2p3/2 main peak was further deconvoluted into two contributions. A first contribution was 
determined at 932.0 eV (1) with a peak FWHM of 1.4 eV and accounting for 17%. Cu metal 
and Cu2O are reported in the literature to scatter respectively at 932.6 eV and 932.2 - 932.4 eV 
[460]. The contribution at 932.0 eV (1) could thus reasonably be attributed to the contribution 
of Cu2O, consistently with the O1s spectra deconvolution.  
The second contribution peaked at 934.3 eV (2) with a peak FWHM of 2.6 eV and 
accounted for 83%, and was attributed to the presence of CuO, overlapped by the scattering of 
copper carbonate [441, 460]. In the literature, CuO and copper carbonate are reported to scatter 








Correlating the observed variations in Cu nanofiber morphology to the surface 
elemental analysis at pH 4.6, the presence of a copper-based adsorbate fiber coverage was 
evidenced by the lower concentration in carbon from the polymer matrix compared to before 
adsorption. Furthermore, the decrease in the concentration of copper carbonate further suggests 
an additional process of reduction of copper ions from the fiber matrix. Instead of a lattice CuO 
surface composition, the nanofibers exhibited a significant proportion in defective CuO as well 
as in Cu2O. This increase in the fiber surface reduction degree suggests an adsorption-reduction 
pathway with oxygen bonding from the CuO fiber crystals to the copper ion in solution. As 
monovalent Cu is present in solution, this reaction pathway is consistent with the significantly 
increased presence in Cu2O compared to before adsorption at the nanofibers surface.  
 
6.1.2.4. Influence of Cu (II) initial concentration  
 
Three different initial concentrations (IC), namely 125, 350 and 500 mg/L were trialled 
for adsorption by Cu nanofibers with a common initial pH of 4.6. The respective Cu (II) uptakes 








Figure 6.23. Removal of Cu (II) by Cu nanofibers in function of time for different initial 
concentration of respectively 500 mg/L, 350 mg/L and 125 mg/L. Conditions: natural pH 
4.6, adsorbent dose 0.2 g/L.  
Again, the Cu nanofibers followed a similar oscillatory adsorption pattern, however the 
Cu (II) initial concentration showed to impact the amplitude of adsorption and desorption 
peaks. Yet, the Cu nanofibers in both 350 mg/L and 500 mg/L IC systems were found to follow 
similar adsorption kinetics and performance, both reaching a maximum of around 20% after 
30 min reaction, translating a capacity of respectively 350 mg/g and 500 mg/g. In contrast, with 
an IC of 125 mg/L, the Cu nanofibers performed significantly better, reaching a removal of 
43% after 5 min of reaction, translating a capacity of 269 mg/g, before desorbing to a 27% 
yield of Cu (II) removal after 30 min, and adsorbing again back to above 40% after 1 h of 
reaction. The 269 mg/g adsorption capacity reached after 5 min of adsorption at 125 mg/L 
reflects a high adsorptive performance compared to previous adsorbent reports in the literature. 
For instance, poly(ethylene glycol)/chitosan nanofibers reached a capacity of 163.7 mg/g for 







The highly similar performance delivered by Cu nanofibers for initial concentrations of 
350 mg/L and 500 mg/L suggests that there might be a threshold in the range of Cu (II) IC for 
which a chosen dose of adsorbent would reach a similar yield of removal, though translating a 
varying capacity. 
 
6.1.2.5. Mechanisms of Cu (II) adsorption on Cu nanofibers 
 
At natural pH 4.6, in the uptake of monovalent Cu +, two adsorption mechanisms were 
evidenced. One resulted in the increase in fiber diameter by the growth in thickness of a copper 
adsorbate coating layer enrobing the fibers, resulting after 30 min of reaction in the electrical 
attraction of neighbour fibers, presumably from a pulling electric field formed from the fibers 
respective adsorbate coating layer. The reaction mechanism is suggested to incur the 
attachment of the monovalent adsorbate copper ion at the surface of the nanofiber copper oxide 
crystals by bonding with an oxygen atom, thus resulting in a predominant Cu2O adsorbate 
composition, which is consistent with the XPS results, indicating a large proportion of Cu (I)/ 
Cu (0) species at the surface of nanofibers. The second adsorption mechanism observed 
stemmed from the localized growth of a group of copper flower crystals on a fiber surface, 
leading to an active and growing adsorption site forming a bead structure of a micrometer scale. 
It can be thought that a copper ion release from the nanofibers and re-adsorption could initiate 
the growth of fiber web microcrystals 
At initial pH 5.5, although still in the predominant domain of Cu+, a different electron 
interaction mechanism was established, resulting in the formation of square crystals of various 







At an initial pH of 2.2 and thus in the domain of Cu2+, a low adsorption performance 
was recorded and attributed to the further mismatch between the positively charged adsorbent 
and copper cation. However, the copper ions first spontaneously adsorbed on the nanofibers 
surface clusters, before the start of copper release. A ligand-exchange process from the 
protonated Cu nanofiber surface with the copper ions, releasing oxygen or hydroxyl groups in 
solution may be advocated for the significant rise in pH observed [513].  
In addition, the Cu nanofibers adsorption pattern was found invariant with pH and 
solution ionic strength variations, which could mean that the Cu nanofibers performance could 
be accurately predicted. Furthermore, the similar yield of ion removal observed in solutions 
with a significantly different initial Cu (II) concentration of 350 and 500 mg/L may suggest 
that, assuming the copper ion distribution is homogeneous and similar between the two 
solutions, diffusion is the rate limiting step of the reaction. As such, a theoretical radius around 
the nanofibers corresponding to an electron or ion attraction zone could be defined. When the 
Cu (II) ions are present in solution above a certain saturation threshold, a 20% yield of removal 
would be incurred. 
6.1.3. Adsorption of Chromium (VI) 
 
In the study of Cr (VI) aqueous adsorption, a chromium (VI) oxide also commonly 
called chromium trioxide salt was used, of formula 𝐶𝑟𝑂3 and of molecular weight 99.99 g/mol. 
Chromium possesses an atomic mass of 51.996 u [79]. 









Figure 6.24 presents the uptake of Cr (VI) by Cu nanofibers with an IC of 650 mg/L 
consistent with the received industrial water sample, in natural conditions of pH determined at 
2.2.  
 
Figure 6.24 Cr (VI) removal and monitored release in Cu (II) ion from adsorption by Cu 
nanofibers as a function of reaction time. Conditions: IC 650 mg/L, pH 2.2 (natural), 
adsorbent dose 0.2 g/L.  
As expected, the acidic pH resulted in an ion exchange activity with the observed 
release of copper from the fibers into solution. The Cu nanofibers attained a Cr (VI) maximum 
removal of 18% after 15 min, translating a capacity of 585 mg/g, before desorption until 11% 
removal after 1h and re-adsorption with slower kinetics until 17% after 3h and from then a 
decrease in the Cr (VI) uptake down to 5% after 24h reaction.  
The release in copper from the nanofiber adsorbent was not found increasing constantly 
with time. Instead, copper concentration first steadily increased though limited below 40 mg/L 
during the first leg of uptake of Cr (VI) until 15 min. Then, no significant change in the kinetics 
of copper release was observed during the significant desorption of Cr (VI) after 1 h, thus 







quantity of Cr (VI) removed. Then, a significant increase in the release of copper was observed 
between 1 h and 1.5 h from 50 mg/L to 122 mg/L, thus accompanying the second leg of Cr 
(VI) adsorption, which tends to suggest the replacement of copper crystals by chromium 
adsorbate. Finally, during the final leg of desorption of Cr (VI) from 3 h reaction time, the 
concentration in released copper was also found to decrease steadily down to 64 mg/L after 24 
h reaction, which would be further consistent with an adsorption via ion exchange process. 
Consistently with the previous adsorption studies, a reaction time of 1 h was considered to 
ensure the reach of the main adsorption peak. 
A SEM study showing the variation in fiber morphology during Cr (VI) adsorption is 









Figure 6.25. SEMs of Cu nanofibers in the removal of Cr (VI) after respectively 15 min 
(A), 1 h (B), and 3h (C, D). Conditions: IC 650 mg/L, pH 2.2 (natural), adsorbent dose 
0.2 g/L.  
After 15 min of reaction, as shown in Figure 6.25 (A), the fibers showed a smooth 
surface texture and an increase in fiber diameter from 152 ± 11 nm before adsorption to 222 ± 
26 nm after 15 min reaction, thus suggesting a homogenous covering of the fiber surface with 
adsorbed and reduced chromium ions.  
After 1 h of reaction, as shown in Figure 6.25 (B), the fiber diameter was found 
decreased to 201 ± 19 nm, with the disparate presence of surface crystals of no particular shape 
and of a size below 40 nm.  After 3 h of reaction, as shown in Figure 6.25 (C), the density of 
surface crystals at the fibers surface significantly increased, which following the observed 
adsorption kinetics, may thus be attributed a chromium-based composition. The fiber diameter 
remained invariant, around 195 ± 15 nm, which can be consistent with the levels of similar 
copper release for both 1 h and 3 h reaction times. In addition, still after 3 h of reaction, a film 
formation could also be observed, as shown in Figure 6.25 (D), and was found over 10 µm 
long. The film structure was found overlaying the fibers, and presented disparate nanocrystals 
of no particular shape on its surface, similar to the crystals previously observed at the fibers 
surface since 1 h of reaction. A crack in the as-formed film enabled to see the nanofiber-based 
morphology underneath.  
Analysis 
Correlating the observed variation fiber morphology to the monitored ion uptake, it was 
evidenced that a similar mechanism compared to Cu (II) uptake in natural conditions was at 
stake during the first leg of adsorption, with the fiber surface enrobing with a layer of chromium 







diameter and to the exposure of the copper surface. It ensued a copper release process and 
chromium cluster formation at the fiber surface, through an ion exchange process. Micro-scale 
films were also formed on top of the fibers, which is suggested based on the Cr (VI) and Cu 
(II) concentration variation to be of an intermixed chromium-copper composition.  
6.1.3.2. Kinetics of Cr (VI) adsorption 
 
Cr (VI) adsorption kinetics were further investigated in natural conditions and initial 
concentration of 650 mg/L, using the PSO model, better describing the experimental adsorption 
compared to previously cited other kinetic models, with a R² value of 0.98. The calculated 
adsorption capacity of 241.5 mg/g for the first leg of adsorption after 5 min of reaction was 
found close to the 243.9 mg/g experimental value. The kinetic model constant K2 was 
determined to 78 g/mg.min.  
 
6.1.3.3. Influence of solution pH on the uptake of Cr (VI)  
 
To further understand the causes behind the observed desorption phenomenon after 15 
min of reaction, and how the ion-exchange process occurrence can be tuned, the influence of 
solution pH onto the Cr (VI) uptake was investigated and is presented below. Besides natural 
pH 2.2, a mild acidic initial pH of 4.6 and a neutral pH of 6.8 were considered, to further enable 
performance comparison with the adsorption of As (V) and Cu (II). The solution pH of 4.6 and 
6.8 were reached by addition of 0.1 M and 1 M NaOH respectively. 
The E-pH diagram for a chromium in water system is presented in Figure 6.26 [506]. 
The Cr (VI) dissociation reactions can be expressed as in Equations (6.7 to 6.10) [525, 526]: 
𝐻𝐶𝑟2𝑂7
2−  =  𝐶𝑟2𝑂7








2− + 𝐻2𝑂 = 2 𝐻𝐶𝑟𝑂4
− , (6.8) 
𝐻𝐶𝑟𝑂4
−  =  𝐶𝑟𝑂4
2−  +  𝐻+, 𝑝𝐾𝑎 ≈ 5.9 (6.9) 
𝐶𝑟2𝑂7
2− + 𝐻2𝑂 = 2 𝐶𝑟𝑂4
2− + 2 𝐻+, (6.10) 
 
At pH 2.2 and pH 4.6, Cr (VI) is predominantly present as divalent 𝐶𝑟2𝑂7
2−. At pH 6.8 
Cr (VI) is predominantly present as divalent 𝐶𝑟𝑂4
2−. During adsorption, solution pH was found 
invariant for the system at initial pH 6.8. In contrast, with initial pH 2.2 and 4.6, an increase in 
pH occurred during adsorption, respectively to pH 4.9 and pH 6.4 after 1 h of reaction. This 
increase in pH resulted from a consumption in H+ ions in the formation of the adsorbate layer 
associated to the reduction of Chromium (VI) to Chromium (III) oxide, as evidenced below. 











Figure 6.27 (A) presents the uptake of Cr (VI) by Cu nanofibers in function of solution 
initial pH, over 1 h of reaction.  
 
Figure 6.27. Cr (VI) removal (A) and release in Cu (II) (B) as a  function of time from 
adsorption by Cu nanofibers for natural pH 2.2, pH 6.8, and pH 4.6. Conditions: IC 650 
mg/L, adsorbent dose 0.2 g/L.  
 
The Cu nanofibers yielded a removal performance in the same range order around 20 
% ion removal at the three initial pH, suggesting a pH independency towards the fibers maximal 
uptake capacity.  
However, the fibers were found to follow distinctive adsorption patterns. A 
spontaneous phenomenon of adsorption was observed for initial pH 2.2 and 6.8 after 1 min, 
with a similar uptake around 17 %, before spontaneous desorption after 5 min to 13 %. In the 
case of initial pH 6.8, the desorption continued until plateau after 30 min at 11 % and re-
adsorption to above 20 % after 1 h. In the case of initial pH 2.2, re-adsorption occurred from 5 
min until 15 min to 20 %, before an exponential-type desorption down to 11 % after 1 h. In 
comparison with initial pH 4.6, a steady adsorption trend is observed from 0 to 30 min of 







Figure 6.27 (B) shows the monitored copper release in the two acidic systems during 
adsorption. Compared to initial pH 2.2, the concentration in copper release was found limited 
to below 5 mg/L for the whole reaction time. Interestingly, the copper release was found to 
follow the Cr (VI) adsorption trend until 30 min of reaction, before increasing with chromium 
desorption, consistently with an ion exchange process. 
An EM study investigating the influence of solution pH and thus the balance of Cr (VI) 
oxyanions present onto the adsorbate and Cu nanofiber morphology is presented after 15 min 
and 1 h of adsorption, respectively in Figure 6.28 (A, B) for an initial pH of 2.2 and in Figure 
6.28 (C, D) for initial pH 4.6. 
 
Figure 6.28 SEMs of Cu nanofiber adsorbents after Cr (VI) removal for respectively 15 
min and 1h, at natural pH 2.2 (A, B) and pH 4.6 (C, D). Conditions: IC 500 mg/L, 







After 15 min with initial pH 4.6, no significant increase in fiber diameter is observed, 
in comparison to the natural pH 2.2 system. Instead, the fibers present a similar surface 
morphology compared to before adsorption, homogenously covered with surface crystals of a 
size estimated below 60 nm, consistent with Cr (VI) adsorption on the edges of the Cu 
nanofibers clusters, representing the 7 % ion uptake.  
After 1 h with initial pH 4.6, a significantly different fiber morphology was observed. 
Indeed, selected fibers showed to have been more or less subjected to the diameter increase by 
adsorption process, with even the creation of local micro-ribbons. All fibers do also present a 
repartition of crystals on their surface, however no longer of a spherical shape but of no 
particular shape, and may be sorted into two distributions of nearly two-dimensional and three-
dimensional crystals.  
A TEM micrograph of one bundle of Cu nanofibers was taken after 1 h of Cr (VI) 
adsorption at pH 4.6 in order to observe the formed crystal on the fiber surface, and is presented 









Figure 6.29. EDS spectra (A) and corresponding TEM micrograph (B) of a Cu nanofiber 
after adsorption Cr (VI) for 1h. Localisation of the point EDS indicated by a red cross 
on TEM image. Conditions: IC 650 mg/L, pH 4.6, adsorbent dose 0.2 g/L.  
 
Consistently with the SEM observation, the fibers presented a significant variation in 
diameter, here measured from 50 nm to 110 nm. The fibers with the largest diameters also 
presented a denser crystalline population, coherent with a diameter increase by layer 
adsorption. The imaging of two neighbour fibers partially joined together further suggests this 
phenomenon, as previously observed with copper. A spot EDS spectra was acquired on an 
isolated adsorbed crystal of no-particular shape and of a 30 nm size, edging of the surface of 
one Cu nanofiber. It revealed the presence of chromium, thus confirming a chromium-based 
composition, and not a released and re-adsorbed copper crystal. 
 
An elemental analysis via XPS was then carried on the surface of the Cu nanofibers 
after 1 h of reaction with Cr (VI) at pH 4.6, in order to determine the oxidation state of the 
adsorbed chromium and to provide further understanding in the underlying adsorption 










Figure 6.30. XPS Survey (A), C1s (B), O1s (C), Cu2p (D) and Cr2p (E) spectra for a web 
of Cu nanofibers after 1h of Cr (VI) adsorption reaction at 650 mg/L initial 
concentration, 0.2 g/L adsorbent dose, pH 4.6. In the C1s spectrum, (1), (2), (3) 
correspond respectively to C-C bonds, C-O bonds, and copper carbonate. In the O1s 
spectrum, (1), (2) correspond respectively to copper oxide, chromium oxide. In the Cu2p 







lattice CuO and copper carbonate. In the Cr2p spectrum, (1), (2) correspond 
respectively to Cr (III), Cr (VI). 
The XPS survey spectrum revealed the presence of sodium and chromium besides the 
constituting elements of the nanofiber adsorbent, as shown in Figure 6.30 (A), with sodium 
being present from the electrolyte addition. Carbon and oxygen remained the predominant 
elements, accounting for respectively 42 and 44 at %, while copper was accounted for 2.3 at 
%. In comparison, chromium and sodium were found accounted for 7.6 and 4.2 at %, thus 
implying a successful degree of coverage of the fiber surface.  
The C1s spectrum is presented in Figure 6.30 (B), and was deconvoluted into the three 
contributions of the thermally treated PVA-Cu matrix, which were determined at 284.2 eV for 
the C-C bonds (1), accounting for 80%, at 285.6 eV for the CO bonds (2), accounting for 11%, 
and at 287.8 eV for copper carbonate (3), accounting for 9% [441]. No significant variation 
was observed compared to the fibers before adsorption, with a marginal 5 % decrease in copper 
carbonate. 
The O1s spectrum is presented in Figure 6.30 (C), and was deconvoluted in two 
contributions, one at 529.7 eV (1) with a peak FWHM of 1.3 eV and accounting for 39%, and 
a second at 531.0 eV (2) with a peak FWHM of 1.9 eV and accounting for 61%. The 
contribution at 529.6 eV (1) was attributed to lattice CuO, usually reported to scatter at 529.6 
eV, while the second contribution at 531.0 eV (2) was attributed to chromium oxide, 
overlapping with the contribution of CO bonds and copper carbonate [441, 460]. Indeed, 
chromium oxide is reported to scatter around 530.0 eV depending on the oxidation state, while 
both CO bonds and copper carbonate scatter above 531.5 eV [459]. 
The Cu2p spectrum is presented in Figure 6.30 (D), with the CuLMM spectra shown in 







Cu2p satellites [460]. The Cu2p3/2 main peak was further deconvoluted into two contributions, 
with the first one at 931.9 eV (1) with a peak FWHM of 1.3 eV and accounting for 12.5% 
representing Cu (0) and Cu (I) species [460]. The second contribution was identified at 933.9 
eV (2) with a peak FWHM of 2.2 eV and accounting for 87.5% was attributed to CuO with a 
minor overlapping contribution of copper carbonate [460].  
The Cr2p spectrum is presented in Figure 6.30 (F), and the Cr2p3/2 peak was 
deconvoluted into two contributions, one at 576.3 eV (1) with a peak FWHM of 2.3 eV, 
attributed to Cr (III) species, and another at 578.9 eV (2) with a peak FWHM of 1.5 eV, 
attributed to Cr (VI) species [441]. Both contributions were found to be representing 50% of 
chromium bonds, signifying the equal presence of Cr (III) and Cr (VI) compounds. In the 
literature, Cr (0) is reported to scatter at 574.2 eV, thus confirming that the chromium reduction 
is not complete [441]. Cr (III) oxide is usually reported for a peak energy of 575.7 eV with a 
peak FWHM of 0.9 eV, while Cr (III) hydroxide is reported around 577.3 eV and with a peak 
FWH: of 2.6 eV [441]. A mixed presence of Cr (III) oxide and hydroxide may thus be 
advocated to account for the Cr (III) specie. Cr (VI) oxide is reported in the literature to scatter 
at 579.6 eV, thus also attesting that mixed species of Cr (VI) compounds are present at the 
fibers surface [441]. 
6.1.3.4. Mechanisms of Cr (VI) adsorption on Cu nanofibers 
 
At initial pH 2.2, the spontaneous Cr (VI) adsorption phenomenon covering 
homogeneously the Cu nanofibers surface, thus supposedly reacting as well with copper ions 
from the fiber matrix, strongly limited the release of copper in solution for the first leg of 15 
min of adsorption. The spontaneous reaction was characterized by the bivalence of the Cr (VI) 







The simultaneous reduction process thus led to the crystallization of half Cr (III) and half Cr 
(VI) oxide species, assumed from the sharing of one oxygen atom with copper oxide clusters. 
A physical desorption phenomenon is proposed to occur due to the relatively large uptake of 
chromium ions, which in turn would affect the electric field between the respective fibers 
adsorbate layers. From then, a chromium-copper ion exchange phenomenon is believed to take 
place, leading to the local formation of polyelectrolyte film structures. The reaction 
mechanisms can plausibly be expressed by Equations (6.11, 12), conforming with the 
chromium oxidation results and observed increase in pH. 
CuO + 𝐶𝑟2𝑂7
2− + 4𝐻+  →  𝐶𝑟2𝐻2𝑂7 + 𝐶𝑢
2+ + 𝐻2𝑂, (6.11) 
𝐶𝑢 − 𝐻2 + 𝐶𝑟2𝑂7
2− + 𝐻+ + 𝑒− →  𝐶𝑢𝐶𝑟2𝑂4 + 3𝑂𝐻
−, (6.12) 
At initial pH 4.6, a competition between several adsorption mechanisms was evidenced. 
Indeed, ion exchange was identified as a minor mechanism at stake in the Cr (VI) uptake, from 
the limited concentration in copper released and the fiber diameter growth occurring on 
selected fibers after 1 h. However, the first leg of adsorption presented a predominant 
phenomenon of chromium adsorption only at the nanofibers copper oxide crystal edges. 
 
6.1.4. Cu nanofibers performance in separate adsorption of heavy metal ions 
 
The Cu nanofibers adsorptive performance towards As (V), Cu (II) and Cr (VI) ions in 
separate batched was investigated, in consistence with the conditions of pH and initial ion 
concentration characterizing the received industrial water sample presented in Chapter 7. 
Interestingly, and though varying in initial ion concentration, the Cu nanofibers showed 







were found to follow an oscillatory trend of adsorption with varying kinetics of adsorption-
desorption in function of the initial conditions of pH and ion concentration. The desorption 
phenomenon could be related to physical desorption and precipitate formation, or to a variation 
in the balance of oxyanions present in solution from a pH variation, thus impacting on the 
adsorbate/adsorbent chemistry.  
Different adsorption mechanisms ruled by solution pH were evidenced. Crystallization 
of adsorbate on the Cu nanofibers surface crystals was shown for instance in the case of As (V) 
adsorption at natural pH 8.5. At initial pH 4.6, a growth in fiber diameter through enrobing and 
surface reduction of Cu (II) ions around the Cu nanofibers was shown. At initial pH 2.2, ion 
exchange processes were revealed with the release in copper ions from the Cu nanofibers in 
solution. This process showed to lead to the formation of nano- and micro-particles, as well as 
polyelectrolyte films above the nanofibers of a mixed copper-adsorbate composition. 
Furthermore, the Cu nanofibers redox potential showed the simultaneous adsorption and total 
reduction of As (V) to As (III), major reduction of Cu (II) to Cu (0) or Cu (I), and half reduction 
of Cr (VI) to Cr (III). 
 
6.2. Adsorption interactions in mixed metal salts solutions 
 
This section presents the Cu nanofibers ion uptake performance in batch adsorption of 
dual and triple mixed solutions of As (V), Cu (II) and Cr (VI). One aim of this study is to 
investigate the effects of potential interactions between the heavy metal ions to adsorb on the 
crystallized adsorbate structure and composition. Further than the assessment of the metal ion 
competition for adsorption, the extent of solution ionic strength and the concentration in 







Although received pH 2.2 as well as pH 6.5 were considered in the adsorption of 
industrial effluent, a limited pH of 4.6 instead of 6.5 was here considered to study the 
interaction and adsorption competition between the metal ions, as copper ions precipitate at 
neutral pH. The impact of an acidic pH conditions was also investigated in the case of the 
simultaneous adsorption of the three metal ions.  
 
6.2.1. Adsorption of As (V) and Cu (II) 
 
 The performance of Cu nanofibers in the simultaneous adsorption of As (V) and Cu 
(II) as a function of time at pH 4.6, with initial concentrations consistent with the received 
industrial water sample of 500 mg/L and 350 mg/L for As (V) and Cu (II). 
Results 
The adsorption performance of Cu nanofibers in the simultaneous uptake of As (V) and 









Figure 6.31. Simultaneous uptake of As (V) and Cu (II) by Cu nanofibers in realistic 
CCA effluent initial concentration levels (A) and in a 1:1 molar ratio (B). Conditions: 
pH 4.6, adsorbent dose 0.2 g/L. 
 
The Cu nanofibers were found to follow a highly similar adsorption pattern for both 
ions, reaching a similar range of ion removal, even though translating in a different adsorption 
capacity in regard to the initial concentrations used in the study. The similarity in adsorption 
removal yields and furthermore in the concordant oscillatory adsorption pattern followed thus 
suggests the adsorption/reduction of copper-arsenic crystal compounds rather than a distinct 
competition of copper or arsenic-based crystal formation.  
 First, a spontaneous adsorption phase occurred up until 15 min of reaction, yielding 
around 33 % removal for both ions, followed by a slight desorption to around 30 % after 30 
min. A second leg of adsorption until 1 h led to the maximal removal yield of 52 % for As (V) 
and 42 % for Cu (II). A desorption plateau ensued until 3 h and the desorption accentuated after 
5 h, reaching around 30 % for both ions. The maximal removal yields after 1 h of adsorption 
reflect a capacity respectively of 1.3 g/g and 753 mg/g for As (V) and Cu (II). In comparison 
with the adsorption of single ions at initial pH 4.6, the Cu nanofibers had reached around 20 % 
removal for both ions, thus testifying of an interaction between As (V) and Cu (II) species in 
solution favouring the heavy metal ion uptake.  
A comparison of the Cu nanofibers adsorption performance in the simultaneous uptake 
of As (V) and Cu (II) present in a 1:1 molar ratio is presented in Figure 6.31 (B). A significantly 
higher uptake was reached for Cu (II), with a removal of 69 % after 1 h compared to 40 % 
removal after 1.5 h for As (V), each corresponding to a high adsorption capacity of 3.45 mmol/g 







and Cu (II) lies in the upper range when benchmarked with other adsorbents reported in the 
literature  [85, 94, 115, 160]. The reversal in the adsorption preference compared to the 
previous system, with a higher uptake in Cu (II) rather than As (V), is believed to stem from 
the As : Cu ratio initially present in solution, which plausibly affects the respective yields of 
ion reduction and thus their anchorage to the surface of the Cu nanofibers. 
 Similarly, as with industrial levels of initial ion concentrations, the Cu nanofibers 
showed to follow the same oscillatory adsorption pattern, however with the lower level of 
initial ion concentration influencing the kinetics of peak adsorption/desorption. Indeed, the 
spontaneous phase of adsorption was found limited to 1 min, before limited desorption after 5 
min, and re-adsorption until 1 h over a wider peak. The amplitude of the oscillatory ion uptake 
phenomenon gained in phase and magnitude over the cycles with a third adsorption peak 
reached after 5 h with 78 and 58 % removal of Cu (II) and As (V). The higher adsorption 
performance in an equimolar ratio for the removal of Cu (II) at pH 4.6 would be consistent 
with a layer adsorption of Cu cations on previously adsorbed arsenic oxyanions, in a near 2:1 
copper to arsenic ratio.  
A SEM study on Cu nanofibers was performed to observe the formation of adsorbate 









Figure 6.32. SEMs of a web of Cu nanofibers after simultaneous adsorption of As (V) 
and Cu (II) after 30 min (A, C, E), and 1 h (B, D, F). Conditions: As (V) IC 500 mg/l, Cu 
(II) 350 mg/L, pH 4.6, adsorbent dose 0.2 g/L. 
 
After 30 min, as shown in Figure 6.32 (A, C, E), a flourishment of rod bundle crystals was 
found randomly distributed on the fiber surface, with a length of several micrometers. The Cu 
nanofibers morphology itself did not show significant variation compared to before adsorption, 







size. After 1 h, as shown in Figure 6.32 (B, D, F), the rod bundles crystal structures were 
shown to have grown further in size and coverage density, merging with the neighbouring 
crystals to form a dense and compact layer above the fibers. 
Analysis 
Correlating the observed adsorbate structures and Cu nanofiber morphology to the 
monitored ion uptake, it can thus be assumed that the adsorbate crystals bear a copper-arsenic 
composition, from the similar ion removal yield and pattern followed and the similarity 
between the adsorbate crystals morphology. The Cu-As adsorbate crystal  
composition can also be narrowed to around a 1.5:1 As to Cu mass ratio. Then, the Cu/As -
based adsorbate crystals were observed to form lozenge shaped crystals elongated along one 
axis and regrouped in a flower or rosette pattern.  In addition to the blue-white colour visible 
on the fiber web, the observed crystal growth might thus be consistent with the formation of 
gilmarite [527]. It may also be assumed that the monitored marginal desorption phenomenon 
conveys the physical release of Cu-As crystals from the compaction of the discrete crystal 
bundles into one compact film layer, which would as well limit further ion adsorption-surface 
reduction.  
 
6.2.2. Adsorption of As (V) and Cr (VI) 
 
Results 
The performance of Cu nanofibers in the simultaneous adsorption of As (V) and Cr 
(VI) at pH 4.6 is presented in Figure 6.33 (A), with an initial concentration of 500 mg/L for 









Figure 6.33. Simultaneous uptake of As (V) and Cr (VI) by Cu nanofibers in realistic 
CCA effluent initial concentration levels (A) and in a 1:1 molar ratio (B). Conditions: 
pH 4.6, adsorbent dose 0.2 g/L. 
 
As opposed to the simultaneous adsorption of As (V) and Cu (II), the Cu nanofibers 
were found to follow a different oscillatory adsorption pattern, thus suggesting a process of 
distinct ion adsorption-reduction at stake. Indeed, the Cu nanofibers showed a first adsorption 
leg until 1 h for both ions, reaching a maximal removal of 17 and 15 % respectively for As (V) 
and Cr (VI), which translates a capacity of 425 mg/g and 489 mg/g. Also, this performance 
does not significantly vary compared to the adsorption of single ions, and furthermore translate 
an uptake in a near 1:1 mass ratio of As (V) and Cr (VI). After 1 h, a desorption phenomenon 
occurred until 3 h for Cr (VI), all the while two desorption-adsorption cycles occurred for As 
(V). After 3 h, both As (V) and Cr (VI) uptake re-increased.  
A comparison of the Cu nanofibers adsorption performance in the simultaneous uptake 
of As (V) and Cr (VI) present in a 1:1 molar ratio is presented in Figure 6.33 (B). A maximal 







corresponding to a capacity of 3.25 mmol/g and 2.65 mmol/g. These capacities respectively 
compare to a good performance when benchmarked with other adsorbent materials reported in 
the literature, as presented in Chapter 2, though for varying test conditions [95, 97, 98, 181]. 
 The Cu nanofibers followed a significantly similar adsorption pattern of a single peak 
adsorption reached after 30 min, before a desorption plateau after 3 h and re-adsorption after 5 
h.  
The SEM study of the variations at the Cu nanofibers surface during simultaneous 









Figure 6.34. SEMs of a web of Cu nanofibers after simultaneous adsorption of As (V) 
and Cr (VI) after 30 min (A, C, E) and 1 h (B, D, F). Conditions: As (V) IC 500 mg/L, Cr 
(VI) IC 650 mg/L, pH 4.6, adsorbent dose 0.2 g/L.  
 
After 30 min, as shown in Figure 6.34 (A, C, E), the formation of an amorphous 
adsorbate layer can be observed, with the compaction of flat and of no particular shape 







After 1 h, as shown in Figure 6.34 (B, D, F), the adsorbate layer was shown to have 
grown further in surface coverage. Furthermore, the Cu nanofibers showed an increased density 
of surface clusters coverage, with as well selected nanofibers diameter growth over 400 nm, 
compared to 173 nm before adsorption.  
Analysis 
The Cu nanofiber web thus showed similarities in morphology compared to after 
respective adsorption of the chromium and arsenic ions, with respectively selected fiber 
enlargement and the formation of an inter-fiber film, confirming that the simultaneous 
adsorption of As (V) and Cr (VI) occurs independently to a degree. This independent 
interaction of arsenic and chromium with the copper nanofibers is as well consistent as both 
ions coexist in solution as oxyanions [186, 507]. 
Correlating to the monitored ion uptake performance, the decrease in ion uptake 
compared to the respective single ion systems was further attributed to disturbances in the 
amplitude of the As (V) and Cr (VI) redox reactions at the Cu nanofibers surface [225, 226]. 
Indeed, for instance, studies of simultaneous Cr (VI) and As (V) adsorption by Fe (II) or Fe 
(II) sulphate reported that the inclusion of arsenate limited the precipitation of Cr (III) 
previously reduced from Cr (VI), all the while the presence of chromate in solution facilitated 
the adsorption of As (V) from the oxidization of Fe (II) to Fe (III) [225, 227].  
However, both the similar trends of the ion uptake and the formation of an adsorbate 
lar through compaction of varying shape adsorbate crystals suggest as well the action of a 
common adsorption interaction between the nanofibers and the oxyanions. At pH 4.6, in batch 
adsorption of single chromium, a release in copper ions from the nanofibers, though limited 







copper cations near the nanofibers surface would then be beneficial to the formation of a 
polyelectrolyte film [529, 530].  
The high performance of Cu nanofibers for a 1 mM initial concentration further reflects 
the potential suitability of Cu nanofibers for applications in groundwater contamination, in 
consistency with a previous report on nano-enabled sorbents with metal oxide embedded 
nanoparticles (in the reported study Ti and Fe based), which were predicted to show a high 
simultaneous removal of As (V) and Cr (VI) despite anion competition [531]. 
 
6.2.3. Adsorption of Cu (II) and Cr (VI) 
 
Results 
The performance of Cu nanofibers in the simultaneous adsorption of Cu (II) and Cr 
(VI) at pH 4.6 is presented in Figure 6.35 (A), with an initial concentration of 350 mg/L for 
Cu (II) and 650 mg/L for Cr (VI), consistently with the received industrial water sample.  
 
Figure 6.35. Simultaneous uptake of Cu (II) and Cr (VI) by Cu nanofibers in realistic 
CCA effluent initial concentration levels (A) and in a 1:1 molar ratio (B). Conditions: 







The Cu nanofibers offered a higher removal performance for Cu (II), reaching a 
maximal removal of 30 % after 5 min, compared to 25 % removal after 1 h for Cr (VI). This 
performance however reflects a higher uptake in Cr (VI), with a capacity of 813 mg/g compared 
to 525 mg/g for Cu (II).  
The Cu nanofibers followed a different pattern of oscillatory adsorption for both ions. 
Indeed, the Cu nanofibers adsorbed 30 % of Cu (II) in 5 min, before limited desorption to 20 
% after 30 min and re-adsorption to 30 % after 1 h, plateauing until 3 h. In comparison, the Cu 
nanofibers spontaneously adsorbed 10 % of Cr (VI) in 1 min, before adsorption of an additional 
15 % in 1.5 h, and weakly oscillating around 25 % removal further after. Compared to the ion 
uptake in separate batches, the Cr (VI) ion concentration followed a similar curve, while 
accentuated phenomenon of adsorption-desorption are observed in the case of Cu (II). 
However, the simultaneous ion uptake led to an increase of about 5 % of removal compared to 
the respective single ions systems. 
The simultaneous adsorption performance in a 1:1 molar ratio is presented in Figure 
6.35 (B). The Cu nanofibers yielded a maximum removal of 70 % after 30 min and 55 % after 
1.5 h respectively for Cr (VI) and Cu (II), corresponding to a capacity of 3.5 mmol/g and 2.75 
mmol/g. The Cu nanofibers followed a similar adsorption pattern respectively compared to 
adsorption with industrial levels of initial ion concentration, however differing in the kinetics 
of oscillatory adsorption and removal range. The Cu nanofibers here showed the preferential 
uptake of chromate anion at initial pH 4.6, which could explain the demoting of the copper 
cation uptake. 
The SEM study of the variations at the Cu nanofibers surface during simultaneous 









Figure 6.36. SEMs of a web of Cu nanofibers after simultaneous adsorption of Cu (II) 
and Cr (VI) after 30 min (A, C, E), and 1 h (B, D, F). Conditions: Cu (II) IC 350 mg/L, 
Cr (VI) IC 650 mg/L, pH 4.6, adsorbent dose 0.2 g/L. 
 
After 30 min, as shown in Figure 6.36 (A, C, E), random film structures formed in-
between the fibers can be observed, with the largest one of 7.5 µm in width. Those amorphous 







adsorbate. At the scale of the Cu nanofibers, a diameter variation can be discerned, with a 
decrease from 173 ± 13 nm before adsorption to 126 ± 21 nm. Fiber coverage density with 
surface clusters then also appeared to have increased by 37 %.  
After 1 h, as shown in Figure 6.36 (B, D, F), the synthesis of spherical microparticles 
of up to 2.5 µm diameter can be observed, accompanied by a significant fiber diameter decrease 
to below 100 nm for the fibers surrounding the particles. The microparticle surface reveal a 
smooth coverage of clusters of around 50 nm size, consistently with the ones present on the 
nanofibers surface, with an adsorbate structure presenting the same aspect as the observed 
compacted adsorbate film structures. At the Cu nanofiber scale, a loss in the fiber shape 
homogeneity is observed, with the fiber matrix re-distribution leading to bead-shaped 
nanofibers.  
Analysis 
The formation of the adsorbate film structures was also observed in the uptake of single 
Cu (II), later forming microbeads randomly distributed throughout the web. And during the 
uptake of single Cr (VI), selected nanofiber growth was observed. Both phenomena reflect the 
significant action of a physical electric field, and in that is consistent with the simultaneous 
adsorption of Cr (VI) and Cu (II). The web surface microparticles and in-fiber beads formations 
could indicate that the simultaneous Cr (VI) and Cu (II) uptake result in an increase in the 
surface tension of Cu nanofibers [532].  
Previous reports in the literature of simultaneous Cr (III) and Cu (II) adsorption on clay 
suggest that the inclusion of a trivalent ion in the adsorption system competitively replaced the 
previously adsorbed Cu (II) at the adsorption sites, thus resulting in a copper release [533]. A 
similar process may be advocated with reduced Cr (VI) inducing a release and further 







hydroxyl groups from the reduction of Cr (VI) to Cr (III) would also affect the electric field 
around the nanofibers surface and affect the adsorption of Cu (II) [534]. Hexavalent chromium 
is also known for inhibiting oxygen reduction on copper, which may affect adversely the 
formation of copper-chromate compound at the nanofiber surface [535]. Indeed, although in 
presence of a metal cation and oxyanion as in the simultaneous adsorption of copper and arsenic 
system, no homogeneous crystal formation on the nanofibers surface was observed, which was 
attributed to the hexa-valence of chromium, that would require metal bonding with more Cu 
(II) elements to form a stable compound. 
 
6.2.4. Adsorption of As (V), Cu (II) and Cr (VI) 
 
6.2.4.1. Simultaneous metal ion adsorption at initial pH 4.6 
 
The performance of Cu nanofibers in the simultaneous adsorption of As (V), Cu (II) 
and Cr (VI) is presented in Figure 6.35 (A), with an initial concentration of 500 mg/L for As 
(V), 350 mg/L for Cu (II) and 650 mg/L for Cr (VI), consistently with the received industrial 










Figure 6.37. Simultaneous uptake of As (V), Cu (II) and Cr (VI) by Cu nanofibers in 
realistic CCA effluent initial concentration levels (A) and in a 1:1 molar ratio (B). 
Conditions: pH 4.6, adsorbent dose 0.2 g/L. 
 
The Cu nanofibers followed the same adsorption trend for the three ions, with a constant 
offset from the time of first adsorption peak. Contrary to the combined metal ion adsorption 
systems presented so far, a minimal desorption of less than 5 % was here observed over the 
oscillatory adsorption trends. A first adsorption peak was reached after 15 min, before 
desorption until 30 min and maximal peak adsorption after 1 h. The following desorption peak 
was reached another 30 min later, at 1.5 h. Comparing the three metal ions together, a lowering 
of the oscillatory adsorption peaks FWHM can be observed with the increase in initial ion 
concentration. 
The maximal uptake observed after 1 h, was respectively of 28, 42 and 16 % for As 
(V), Cu (II) and Cr (VI), corresponding to a capacity of 700 mg/g, 753 mg/g and 520 mg/g, 








The performance of Cu nanofibers in simultaneous adsorption with an equimolar initial 
concentration is presented in Figure 6.35 (B). Similarly, a highly similar adsorption pattern 
was followed by the nanofibers for each ion, with significantly lower magnitudes of adsorption-
desorption compared to the previous systems.  
Figure 6.38 presents the variation in Cu nanofiber and web morphology during the 








Figure 6.38. SEMs of a web of Cu nanofibers after simultaneous adsorption of As (V), 
Cr (VI) and Cu (II), after respectively 1 min (A, B), 30 min (C, D) and 1 h (E, F). 
Conditions: As (V) IC 500 mg/L, Cu (II) IC 350 mg/L, Cr (VI) IC 650 mg/L, pH 4.6, 
adsorbent dose 0.2 g/L. 
After 1 min, as shown in Figure 6.38 (A, B), the synthesis of an adsorbate microparticle 
can be observed, with scale-shaped crystals covering its surface, of in average 1.9 µm in size.  
After 30 min, as shown in Figure 6.38 (C, D), a significant fiber diameter increase from 185 
± 7 nm after 1 min to 370 ± 21 nm after 30 nm adsorption was observed. Selected fibers also 
showed an additional coverage with crystal scales, of varying coverage density and crystal size. 
Additional nanoparticle adsorbate structure of below 200 nm in size could also be observed. 
At the peak of adsorption after 1 h, as shown in Figure 6.38 (E, F), several nanoparticles 
aggregates as well as scale-covered fibers could still be observed. In addition, large tri-
dimensional crystals over 16 µm in length and 1.2 µm in thickness were also observed, having 
grown in between the fibers layers. 
An elemental analysis via XPS was carried on the surface of the Cu nanofibers after 1 
h of simultaneous adsorption of As (V), Cu (II) and Cr (VI) at pH 4.6, in order to compare the 
oxidation states of arsenic and chromium to the single metal ion adsorption system, and provide 
further understanding in the underlying adsorption mechanism. The results of the XPS study 









Figure 6.39. XPS Survey (A), C1s (B), O1s (C), and Cu2p (D) spectrum for a web of Cu 
nanofibers after adsorption of As (V), Cu (II) and Cr (VI) in both single and mixed metal 
salt solutions at pH 4.6. In the C1s spectrum, (1), (2), (3) correspond respectively to C-C 
bonds, C-O bonds, and copper carbonate. In the O1s spectrum, (1), (2) correspond 
respectively to metal oxide, and CO and metal carbonate. In the Cu2p spectrum, (1), (2) 







Figure 6.39 (A) shows the comparison of the survey spectrum obtained after single and 
simultaneous adsorption of As (V), Cu (II) and Cr (VI) at initial pH 4.6. After simultaneous 
adsorption, arsenic, chromium and copper were found to account respectively for 6.9, 5.4 and 
4.6 at % at the surface of Cu nanofibers. In comparison with single metal ion adsorption, 
arsenic, chromium and copper accounted for 1.6, 4.2 and 9.4 at %. The increase in the adsorbate 
presence at the Cu nanofibers surface after simultaneous adsorption is thus consistent with the 
monitored ion uptake. Oxygen and carbon were found to account for 42.6 and 36.4 at %. 
Figure 6.39 (B) presents the C1s spectrum at the Cu nanofibers surface after 
simultaneous adsorption of As (V), Cu (II) and Cr (VI), compared with the spectrum acquired 
after single metal ion adsorption. Three deconvolutions were made and attributed to C-C bonds 
(1) at 284.4 eV, CO bonds (2) at 285.0 eV and metal carbonate (3) at 288.2 eV, from the 
polymeric fiber matrix and respectively accounting for 67, 26 and 7% [441]. The proportion of 
metal carbonate is comparable to the proportions observed at the Cu nanofibers after single 
metal ion adsorption. 
Figure 6.39 (C) presents the variation in O1s spectrum with the different adsorption 
systems. The spectrum was deconvoluted into two contributions, one at 530.6 eV (1) 
accounting for 93% and attributed to metal oxide, and the other at 532.0 eV (2) accounting for 
7% and attributed to CO bonds and metal carbonate [459].  
Figure 6.39 (D) shows the Cu2p spectrum at the Cu nanofibers surface, revealing a 
majority of CuO structures. The main Cu2p3/2 spectra was further deconvoluted into two 
contributions, one at 932.3 eV (1) accounting for 3% and attributed to Cu (I) species, and the 








Figure 6.40. XPS As3d (A) and Cr2p (B) spectrum for a web of Cu nanofibers after 1h 
of adsorption of As (V) and Cr (VI) respectively in single salt solution and in mixed 
solution at pH 4.6. In the Cr2p spectrum, (1), (2) correspond to Cr (III), and Cr (VI).  
Figure 6.40 (A) presents the As3d spectrum at the surface of Cu nanofibers after 
simultaneous adsorption of arsenic, copper and chromium, and was found constituted of a 
single peak at 44.8 eV and of FWHM 1.53 eV. The contribution was attributed to As (III) oxide 
type As2O3, usually reported between 44.1 eV and 44.9 eV [441, 459]. The observed spectrum 
is thus significantly similar to the As3d spectrum obtained after single As (V) adsorption. 
Figure 6.40 (B) presents the Cr2p spectrum after simultaneous arsenic, copper and 
chromium adsorption. The Cr (III) contribution (1) at 576.7 eV was found accounting for 62%, 
against 38% for the Cr (VI) contribution (2) at 578.9 eV [441]. In comparison with single 







represented, here the presence of Cr (III) is advantaged, thus implying that the addition of other 
salts improved chromium reduction.  
 
6.2.4.2. Simultaneous metal ion adsorption at initial pH 2.4 
 
The performance of Cu nanofibers in the simultaneous adsorption of As (V), Cu (II) 
and Cr (VI) with initial ion concentration consistent with the received industrial water sample, 
is presented in Figure 6.41 for an initial natural pH of 2.4. 
 
Figure 6.41. Simultaneous uptake of As (V), Cu (II) and Cr (VI) by Cu nanofibers in 
realistic CCA effluent initial concentration levels. Conditions: pH 2.4, adsorbent dose 
0.2 g/L. 
As with initial pH 4.6, the Cu nanofibers followed a similar adsorption trend of 
oscillatory desorption, with exception for Cu (II). For all ions, the fibers reached a first and 
maximal removal peak after 15 min, with a removal of 28, 21, and 20 % for As (V), Cu (II) 







re-adsorbing to near maximal value after 1.5 h. In the case of Cu (II), the desorption from 15 
min is steady and the nanofibers start releasing copper ions after 30 min.  
Compared to the system with initial pH 4.6, it was observed that the adsorption-
desorption peaks sharpness was decreased, which was attributed to the influence of solution 
pH and ionic strength onto the adsorption kinetics. A similar yield of As (V) removal was 
attained, while a 10 % increase in the yield of Cr (VI) removal was observed with a natural 
initial pH of 2.4. 
Figure 6.42 presents SEMs showing the variation in Cu nanofiber and web morphology 









Figure 6.42. SEMs of a web of Cu nanofibers after simultaneous adsorption of As (V), 
Cr (VI) and Cu (II), after respectively 1 min (A, B), 30 min (C, D) and 1 h (E, F). 
Conditions: As (V) IC 500 mg/L, Cu (II) IC 350 mg/L, Cr (VI) IC 650 mg/L, pH 2, 
adsorbent dose 0.2 g/L. 
After 1 min, as shown in Figure 6.42 (A, B), the formation of crystal scales of less than 
200 nm covering sections of the Cu nanofibers could be observed. The covered sections were 
observed to be fiber beads, matching the formation of particles from the pull of fiber matrix 







After 30 min, as shown in Figure 6.42 (C, D), the synthesis of microparticles was 
achieved, showing as well a partial coverage in surface crystal of 175 nm average size, and not 
of a scale morphology but rather a flower-like structure. At the microparticle surface, imprint 
holes can be observed, consistently with the monitored copper release, however a majority of 
near spherical copper clusters remains at the particle and on the surrounding fibers surface.  
After 1 h, as shown in Figure 6.42 (E, F), the crystals covering the fibers surface could 
no longer be seen, leaving as well imprint holes along the nanofibers surface. Random 
micrometer-scale adsorbate structures could be observed on the fiber web surface. 
  
6.2.5. Discussion of the adsorption mechanisms and performance of Cu 
nanofibers in simultaneous As (V), Cu (II), and Cr (VI) adsorption  
 
The Cu nanofibers showed a particular affinity to copper and arsenic ions when mixed 
in solution, forming specific adsorbate crystal structures and were thus strongly adsorbed, 
potentially forming inner sphere complexes [536]. In contrast, no such specific adsorbate 
crystals of ordered structure were formed in the copper-chromium and arsenic-chromium 
systems. The removal performance compared to single ion adsorption was found enhanced in 
both the copper-arsenic and copper-chromium systems, which was attributed to the ions 
opposed charges that would favour a layer adsorption process, as well as the oxyanion favoured 
reduction with the copper inclusion [530]. The competition of redox reactions with arsenate 
and chromate reduction was found by electrostatic effects to marginally hinder the ion uptake 
in an arsenic-chromium system compared to single ion adsorption, in addition with a 







In the presence of the three ions, an enhanced ion removal was monitored for each ion 
compared to their respective single ion adsorption systems, thus highlighting the favoured 
electron interaction between the three metal ions of varying electric charge. Indeed, an 
elemental analysis revealed a total reduction yield of As (V) to As (III), as in the single metal 
ion system, while a 60 % reduction yield of Cr (VI) to Cr (III) thus enhanced by 10 % compared 
to single chromium ion adsorption, suggesting a favoured formation of surface chromate-
copper ternary complexes, plausibly from the copper ion inclusion [536]. The non-total 
reduction of chromate from hexa- to tri-valent may hint, as in the case of single chromium 
adsorption, to a weaker bond with the Cu nanofibers compared to arsenic and copper 
adsorption, thus potentially forming outer-sphere complexes [536].  However, no 
homogeneous adsorption process was observed, which suggests that the common ion uptake 
trends monitored reflect predominantly the heterogeneously distributed formation of solid 
phases or ternary complexes and polyelectrolyte structures, such as the observed microcrystals 
on the nanofiber web surface [529, 536]. Previous reports of adsorption of arsenic and 
chromium onto goethite showed the formation of different surface complexes, which 
configuration was found dependent of the adsorbent surface coverage, respectively following 
the order monodentate, mono-nuclear bidentate and bi-nuclear bidentate with increasing 
surface coverage [537]. Similarly, the variation in observed adsorption kinetics may be affected 
by a variation in the nanofibers surface electric field and reflect a change in the formation of 
metal complexes. 
 








Chemical desorption via NaOH has often be reported to desorb the adsorbate from 
metal surfaces such as copper/ copper oxide [92, 95, 175, 207]. The desorption principle lies 
in the raise of solution pH above the adsorbent surface zero point of charge to demote the 
adsorbate-adsorbent electron interaction and thus release the adsorbate in solution [500]. 
Solution concentration in NaOH from 0.1 to 1 M, the latter corresponding to a theoretical 
solution pH of 14, are usually reported to be used in desorption from metal oxide surfaces [92, 
95, 175, 207]. However, chemical desorption of copper oxide surfaces, with a zero point of 
charge in the 9.0-9.5 range, have on occasion been reported to desorb with limited success 
[175, 207, 500]. More investigations are required to understand the cause behind the limitation 
of surface desorption on copper-based adsorbents. It might however be pledged that the 
combinatory effect of solution ionic strength from the adsorbate and concentration in alkaline 
electrolyte on the copper-based adsorbent surface induced an irreversible surface 
reconstruction, has observed in the electro-chemical studies of hydroxyl adsorption/desorption 
on Cu (1 1 1) surfaces [538]. 
As adsorbate crystal microstructures were formed, protruding at the Cu nanofibers web 
surface, a mechanical desorption route may as well be considered as a potential candidate for 
surface desorption, all the more as precipitate formation has been alleged to explain the first 
cycle of oscillatory adsorption. Ultrasonication was further considered to help through 
vibration energy the physical dissociation of adsorbate microcrystals and Cu nanofibers 
adsorbate surface coating.  
 
This section compares the efficiency and mechanisms at stake in the followed chemical 







300ᵒC was applied to regenerate the Cu nanofibers electron vacancies, before adsorbent re-use 
[455]. An adsorption performance comparison was conducted over 2 adsorption cycles. 
 
6.3.1. Chemical desorption via NaOH electrolyte bath 
 
6.3.1.1. Simultaneous uptake of As (V), Cu (II), Cr (VI) 
 
The desorption yields achieved by NaOH chemical desorption at the Cu nanofibers surface 
after simultaneous adsorption of As (V), Cu (II) and Cr (VI) are presented in Table 6.3, as a 
function of NaOH concentration, varying from 5 µM to 1 M.  
 
Table 6.3. Desorption quantities in the simultaneous removal of As (V), Cu (II), Cr (VI) 
by Cu nanofibers, with chemical desorption via NaOH at various concentrations for 1 h. 
Quantity desorbed calculated based on the measured quantity previously adsorbed after 
1 h of treatment in alkaline solution 








(pH ≥ 13) 
1 M 
(pH ≥ 13) 
As (V) 85.43 0.91 0.14 1.45 2.48 
Cu (II) 19.54 1.54 0.50 4.79 6.49 
Cr (VI) 54.41 0.11 0.06 0.11 0.19 
 
Concentrations in NaOH from 0.1 M to 1 M are often reported in the chemical 
desorption of heavy metals, raising the solution pH between 12 to 14, high above the adsorbent 
isoelectric point [207]. For instance, TiO2-based nanotubes and α-MnO2 nanofibers were 







[92, 95]. Considering the reported zero point of charge for copper and copper oxide surface of 
around pH 9.5, such NaOH concentrations from 5 µM to 1 M (pH 7 to 14) were deemed suitable 
to observe the influence of the reduction of the heavy metal/Cu nanofibers surface charge 
affinity onto the desorption rate [500].  
Yet, extremely low yields of desorption were achieved using 0.05 M, 0.1 M, 0.5 M and 
1 M NaOH concentrations, all below 7 %. The Cu nanofibers morphology was not found 
affected by the strong alkaline pH, as shown in Appendix 4 (Figure A4.4), which can be 
imparted to the remaining fiber surface adsorbent coverage. The desorption affinity followed 
the sequence Cu > As > Cr, and increased with increasing NaOH concentration from 0.1 M to 
1 M. Indeed, for Cu (II), the desorption yield increased from 0.5 % to 6.5 %, while from 0.1 % 
to 2.5 % for As (V). In the case of Cr (VI), the removal increased from 0.1 % to 0.2 %. Several 
factors may concur to explain this affinity order, for instance a higher affinity of copper-arsenic 
compounds to react with hydroxyl groups, or the influence of heavy metal ion valence onto the 
reaction yield [539]. 
On the contrary, with a 5 µM NaOH concentration, raising the pH to 6.95, in neutral 
water conditions and still below the adsorbent theoretical pHPZC, significantly higher yields of 
desorption were observed, respectively of 86, 20 and 54 % for As (V), Cu (II), Cr (VI). Studies 
of arsenic ion adsorption on titanium dioxide materials were previously reported to incur a 
substantial decrease in the adsorbent point of zero charge from 5.8 to 5.2, from the formation 
of negatively charged inner sphere complexes [540]. Considering the high levels of ion initial 
concentration in comparison with this study, a lowering in a more important measure of the 
pHPZC of the Cu nanofibers is plausible and may thus explain the observed desorption at neutral 
pH. This chemical desorption study was thus pursued with a NaOH concentration of 5 µM for 







After desorption in a 5 µM NaOH bath, the copper oxide surface of Cu nanofibers was 
thermally reduced under 15% H2 at 300°C [455]. Figure 6.43 compares the variation in the 
simultaneous uptake of As (V), Cu (II) and Cr (VI) before desorption (cycle 1) and after 
desorption and adsorbent regeneration (cycle 2). The adsorption performance was measured 
after 1 h of reaction time in both cycles, and thus does not necessarily reflect the maximal 
adsorption performance in the case of the second cycle.  
 
Figure 6.43. Comparison of adsorption yields in the simultaneous uptake of As (V), Cu 
(II) and Cr (VI) before chemical desorption and after chemical desorption and adsorbent 
regeneration.  
A significant uptake was still observed during cycle 2, comprised between 20 and 25% 
for the three ions, which corresponds to a capacity over 625, 420, and 780 mg/g for respectively 
As (V), Cu (II) and Cr (VI). However of similar performance, the Cu nanofibers in cycle 2 
showed a 7 and 5 % lower uptake in As (V) and Cu (II), whilst a 2 % higher uptake in Cr (VI). 
The increase in chromium adsorption may stem from the decreased presence of arsenic 
oxyanions at the Cu nanofibers surface, as previous studies reported the negative influence of 







A SEM study was carried out to compare Cu nanofiber morphology respectively after 
the first adsorption cycle, shown in Figure 6.44 (A, B), after desorption and thermal reduction, 
shown in Figure 6.44 (C, D), and after a second adsorption cycle, shown in Figure 6.44 (E, 
F).  
 
Figure 6.44. SEMs of Cu nanofibers after simultaneous adsorption of As (V), Cu (II) and 
Cr (VI) (A, B), chemical desorption and thermal adsorbent regeneration (C, D), and re-







4.6. Conditions of Desorption: 5 µM NaOH, 1h. Conditions of regeneration: 1h plateau 
at 300°C, in 15% H2 in N2. 
 
After a first cycle of adsorption, the Cu nanofibers showed to possess nanoparticles 
aggregates and flat microcrystals disparately distributed on their surface. After desorption and 
regeneration, a homogeneous web surface at a micrometer scale was observed, with the loss of 
the protruding adsorbate crystals at the Cu nanofibers surface. The Cu nanofibers were shown 
to preserve a fibrous shape but enrobed with crystals of no particular shape and of varying size, 
in average 100 nm but up to 429 nm. As a result, fiber diameter was found grown from 379 nm 
before desorption to 1030 nm after desorption and regeneration.  
After a second cycle of adsorption, the Cu nanofibers showed to have essentially 
preserved their previous morphology, apart the fact of the growth in size of the already present 
crystals at the fibers surface. Indeed, fiber diameter was measured to in average 1165 nm, with 
crystal sizes up to 344 nm. Contrary to the first adsorption cycle, the adsorbate structure was 
found homogeneous, and no disparate micrometer scale structures could be observed at the 
web surface.  
Figure 6.45 presents two TEMs of the edge of a Cu nanofiber respectively after 
desorption, shown in Figure 6.45 (A), and after desorption and thermal reduction, shown in 









Figure 6.45. TEM micrographs of the surface of one Cu nanofiber after chemical 
desorption of previously simultaneously adsorbed As (V), Cu (II), Cr (VI) (A), followed 
by thermal adsorbent regeneration (B). 
It can be seen after desorption that a dispersion of crystals composed the fiber surface, 
with spherical crystals of around 7 nm in size altogether with bigger clusters of around 31 nm 
in size. After thermal reduction, those crystals were observed to have grown to sizes around 42 
nm and 155 nm. 
Considering the limited desorption, it can be assumed that the Cu nanofibers present a 
surface of reduced copper, arsenite and chromate crystals. The thermal reduction subsequently 
generated a novel adsorbent of Cu nanofibers with a multi-metal surface, which showed to be 
adapted to re-capture the same heavy metal ions as per reduced onto the original Cu nanofibers 
surface. Indeed, a highly similar performance was delivered over the two cycles, yet for the 
second cycle the fibers did exhibit a dramatically reduced contact surface area from the 
previous nanofiber diameter increase.  
The potential ion competition interactions from the different amounts of ion desorbed 
and influence on surface redox reactions were further investigated in the desorption/re-
adsorption in a single heavy metal ion system. 








Figure 6.46 presents the variation in ion uptake after desorption and thermal reduction 
in the case of single metal ion adsorption.  
 
Figure 6.46. Comparison of adsorption yields in the separate uptake of As (V), Cu (II) 
and Cr (VI) before chemical desorption and after chemical desorption and adsorbent 
regeneration. 
The 5 % variation observed in As (V) uptake during the first cycle compared to 
previously shown in section 6.1 was attributed to a slight increase in initial pH to 4.9. Chemical 
desorption for 1 h in 5 µM NaOH resulted in 52, 18, and 62 % yields of desorption in the 
respective release of arsenic, copper and chromium. Compared to desorption from 
simultaneous ion adsorption, these desorption yields are thus decreased from 86 to 52 % in 
arsenic, invariant from 20 to 18 % in copper, and increasing from 54 to 62 % in chromium. 
This desorption trends thus further suggest an electron interaction between adsorbed arsenite 
and chromate species.  
During the second cycle of single metal ion adsorption, the Cu nanofibers showed a 







with both variations below 5 %. In comparison, the uptake in chromium was found significantly 
decreased from 24 % to 15% respectively after first and second adsorption. 
 
 
A SEM study was carried out to investigate the changes in Cu nanofibers and adsorbate 
morphology after desorption/regeneration and re-adsorption, for each metal ion adsorption 
system, and are presented respectively in Figure 6.47, Figure 6.48 and Figure 6.49 











Figure 6.47. SEMs of Cu nanofibers after adsorption of As (V) (A, B), chemical 
desorption and thermal adsorbent regeneration (C, D), and re-adsorption of As (V) (E, 
F). Conditions of Adsorption: IC 500 mg/L, adsorbent dose 0.2 g/L, pH 4.6 – 4.9. 
Conditions of Desorption: 5µM NaOH, 1h. Conditions of regeneration: 1h plateau at 
300°C, in 15% H2 in N2. 
 
In the case of arsenic, the Cu nanofibers after a first cycle of adsorption presented 







well as no-particular shape nano and microcrystals throughout the fiber web, as shown in 
Figure 6.47 (A, B). The 52 % desorption and thermal reduction led to the formation of flower 
crystals distributed along the fibers, of a size below 600 nm, as well as the reformation of 
spherical clusters homogeneously distributed along the fiber surface, as shown in Figure 6.47 
(C, D).  
After the second adsorption cycle, as shown in Figure 6.47 (E, F), even though the 
removal yield was found eerily similar, no in-between fibers film or adsorbate microcrystal 
structures were observed, but instead a relatively homogeneous growth of adsorbate on the 
fiber surface, thus increasing the fiber diameter from 300 nm before re-adsorption to 430 nm 
after re-adsorption. As there remains a presence of the flower crystals in a similar size, it can 
thus be assumed that the adsorption phenomenon is taking place from the reduced spherical 
crystals at the fibers surface. 
 
In the case of copper adsorption, the Cu nanofibers showed to have partly joined 
together in a two-by-two fashion, with as well the growth of microbeads from layer adsorption 
of Cu (II), as shown in Figure 6.48 (A, B). The desorption and thermal reduction processes led 
to the fibers electrostatic separation and regrowth of the fibers surface spherical crystals to a 
size below 70 nm, thus comparative as to before adsorption, as shown in Figure 6.48 (C, D).  
After the second adsorption, as shown in Figure 6.48 (E, F), no electrostatic attraction 
between neighbour fibers could be observed, but instead a homogeneous growth process of the 
adsorbate crystals around the fibers was put in evidence, significantly increasing its average 










Figure 6.48. SEMs of Cu nanofibers after adsorption of Cu (II) (A, B), chemical 
desorption and thermal adsorbent regeneration (C, D), and re-adsorption of Cu (II) (E, 
F). Conditions of Adsorption: IC 500 mg/L, adsorbent dose 0.2 g/L, pH 4.6. Conditions 
of Desorption: 5 µM NaOH, 1h. Conditions of regeneration: 1h plateau at 300°C, in 15% 








In the case of chromium adsorption, the Cu nanofibers showed selective nanofiber 
growth presumed by adsorbate coating, and random film structures constructing microbeads 
through chromate layer adsorption, as shown in Figure 6.49 (A, B). 
 
The desorption yield of 62 % could be translated by the loss of the amorphous adsorbate 
films structure as well as a potential decrease in the observed fiber diameter, as no micro-
ribbons could be retrieved, even though a multi class of fiber diameter distribution remains, 
with the observed largest fibers around 658 nm, as shown in Figure 6.49 (C, D). 
 Crystal growth incurred from the Cu nanofiber thermal reduction, with, as observed in 
the previous systems, the homogeneous growth of the previously formed crystals during second 
ion adsorption, leading to a fiber diameter increased from 500 to 1058 nm after re-adsorption, 










Figure 6.49. SEMs of Cu nanofibers after adsorption of Cr (VI) (A, B), chemical 
desorption and thermal adsorbent regeneration (C, D), and re-adsorption of Cr (VI) (E, 
F). Conditions of Adsorption: IC 500 mg/L, adsorbent dose 0.2 g/L, pH 4.6. Conditions 
of Desorption: 5 µM NaOH, 1h. Conditions of regeneration: 1h plateau at 300°C, in 15% 
H2 in N2. 
 
A similar Cu nanofibers surface morphology was evidenced after thermal reduction and 







observed between the different systems is the variation in the increase of the fiber diameter, 
presumably predetermined by the amount of metal at the Cu nanofibers surface before thermal 
reduction, and the metal ion quantity re-adsorbed. Nevertheless, a growth of the Cu nanofibers 
adsorbate coating during thermal reduction occurred significantly even for desorption rates 
above 80 %. This fiber enlargement is thus evidence that chemical desorption via NaOH 
etching by definition reached the detachment of an adsorbate layer from a below adsorbate 
layer, which had for consequences to form microfibers after re-adsorption. The correlation of 
the desorption bath pH and electrolyte concentration as well as reaction time, are parameters 
which shall be further investigated to ensure the preservation of the Cu nanofiber initial 
morphology between adsorption cycles. 
Another desorption mechanism was studied in parallel, namely mechanical desorption 
via ultrasonication, under the hypothesis of potentially recovering the initial Cu nanofiber 
morphology by detaching the adsorbate crystals directly from the Cu nanofiber surface. This 
process is counting on the specific Cu nanofiber morphology of embedment of copper/copper 
oxide crystals in an amorphous matrix, to delay the degradation of nanofibers. In comparison 
to chemical desorption, this mechanical process appears less time-consuming and not requiring 
chemicals. 
6.3.2. Mechanical desorption via ultrasonication 
 
6.3.2.1. Simultaneous uptake of As (V), Cu (II), Cr (VI) 
 
Figure 6.50 presents the variation in simultaneous adsorption yields over two cycles, 









Figure 6.50. Comparison of adsorption yields in the simultaneous uptake of As (V), Cu 
(II) and Cr (VI) before physical desorption and after physical desorption and adsorbent 
regeneration. 
 
Via ultrasonication, the Cu nanofibers desorbed respectively 58, 52, and 35 % of arsenic, 
copper and chromium. In comparison, 86, 20 and 54 % desorption were yielded for chemical 
desorption of As (V), Cu (II) and Cr (VI). Yet similarly to chemical desorption, the Cu 
nanofibers do show a lower As (V) from 25 to 23 % and Cu (II) from 21 to 18 % removal 
performance, but a higher removal in the case of Cr (VI) from 13 to 14 %, thus with all 
variations of less than 5 %. 
Figure 6.51 presents SEMs showing the variation in Cu nanofiber morphology after 









Figure 6.51. SEMs of Cu nanofibers after simultaneous adsorption of As (V), Cu (II) and 
Cr (VI) (A, B), physical desorption and thermal adsorbent regeneration (C, D), and re-
adsorption (E, F). Conditions of Adsorption: IC 500 mg/L, adsorbent dose 0.2 g/L, pH 
4.6. Conditions of Desorption: ultrasonication for 1 min, 110 Hz. Conditions of 
regeneration: 1h plateau at 300°C, in 15% H2 in N2. 
 
As expected, a different fiber morphology was observed compared to chemical 







adsorbate microcrystals, as well as of most of the adsorbate nanocrystals that were covering 
the surface of the Cu nanofibers. It resulted in the Cu nanofibers presenting a similar 
morphology after thermal reduction than before their use in adsorption. In the second 
adsorption cycle, a marginal growth of the pre-formed crystals along the nanofibers surface 
could be distinguished, however the fiber diameter remained similar, from 256 nm to 267 nm 
respectively before and after re-adsorption. 
Mechanical desorption showed thus to be a promising route to preserve the Cu 
nanofiber morphology after desorption. The total desorption rates were not recorded, and a 
longer sonication time resulted in the dispersion of the Cu nanofibers. The formation of inner-
sphere surface complexes and ternary complexes between the adsorbent metal oxide surface 
and the arsenic or chromium ion to adsorb have previously been reported, and the strength of 
this type of chemical bond could thus explain the non-total desorption observed [536, 540]. 
Nevertheless, the SEM analysis of the nanofibers after desorption and reduction shows a fiber 
morphology presenting significant similarities compared to before adsorption, which is 
consistent with a strongly bonded adsorbate coating of the fibers and can also lead to think that 
a proportion in the previously not desorbed adsorbate crystals became weakly bonded to the 
fibers after sonication and precipitated during second adsorption.  
 
6.3.2.2. Separate uptake of As (V), Cu (II), Cr (VI) 
 
Figure 6.52 presents the variation in single ion uptake between two adsorption cycles 









Figure 6.52. Comparison of adsorption yields in the separate uptake of As (V), Cu (II) 
and Cr (VI) before physical desorption and after physical desorption and adsorbent 
regeneration. 
The Cu nanofibers yielded respectively 29, 43, and 64 % removal in the desorption of As 
(V), Cu (II) and Cr (VI) in separate batches. Contrary to the simultaneous metal ion adsorption 
system, the Cu nanofibers were shown to perform lower in a second cycle with the removal of 
around 20% of As (V) and Cr (VI) against around 25% during the first cycle, and the significant 
decrease from 28% to 14% removal in the case of Cu (II). 
A SEM study was carried out to investigate the changes in Cu nanofibers and adsorbate 
morphology after desorption/regeneration and re-adsorption, for each metal ion adsorption 
system, and are presented respectively in Figure 6.53, Figure 6.54 and Figure 6.55 










Figure 6.53. SEMs of Cu nanofibers after adsorption of As (V) (A, B), physical 
desorption and thermal adsorbent regeneration (C, D), and re-adsorption of As (V) (E, 
F). Conditions of Adsorption: IC 500 mg/L, adsorbent dose 0.2 g/L, pH 4.6. Conditions 
of Desorption: ultrasonication for 1 min, 110 Hz. Conditions of regeneration: 1h plateau 
at 300°C, in 15% H2 in N2. 
 
In the case of arsenic, shown in Figure 6.53, the Cu nanofibers presented before re-
adsorption a homogeneous morphology with the flourishment of dispersed crystal flowers of 







of chemical desorption. After re-adsorption, the Cu nanofibers evidenced a similar uptake 
mechanism with the formation of an amorphous adsorbate film between the fibers. Electrostatic 
interaction was observed to result as well in the fusion of selected neighbour fibers, reaching a 
fiber shape of 675 nm diameter.  
 
Figure 6.54. SEMs of Cu nanofibers after adsorption of Cu (II) (A, B), physical 
desorption and thermal adsorbent regeneration (C, D), and re-adsorption of Cu (II) (E, 







of Desorption: ultrasonication for 1 min, 110 Hz. Conditions of regeneration: 1h plateau 
at 300°C, in 15% H2 in N2. 
The nanofibers did not show a significant change in their surface morphology between 
adsorption and desorption with thermal reduction. However, the loss of the adsorbate surface 
web microbeads and the dissociation of the previously partially joined neighbour fibers through 
electrostatic interaction was observed. 
 After re-adsorption, the density of the spherical crystals at the fibers surface was 
observed to have increased, as well as a growth in fiber diameter from 246 nm to 381 nm, 
further suggesting layer adsorption on the nanofibers surface. Furthermore, and contrasting 
with the adsorbate microbeads observed during first adsorption, near two-dimensional 
adsorbate flower crystals were observed to homogeneously cover the nanofiber web. 
Figure 6.55 presents the variation in the Cu nanofiber morphology in the case of Cr 








Figure 6.55. SEMs of Cu nanofibers after adsorption of Cr (VI) (A, B), physical 
desorption and thermal adsorbent regeneration (C, D), and re-adsorption of Cr (VI) (E, 
F). Conditions of Adsorption: IC 500 mg/L, adsorbent dose 0.2 g/L, pH 4.6. Conditions 
of Desorption: ultrasonication for 1 min, 110 Hz. Conditions of regeneration: 1h plateau 
at 300°C, in 15% H2 in N2. 
 
As in the case of Cu (II) desorption, the loss of the in-between layer amorphous 







featuring around the fibers after first adsorption were also not found after desorption and 
thermal reduction. Instead the Cu nanofibers surface showed a homogeneous coverage with 
spherical crystals. After re-adsorption, a similar adsorption mechanism can be advocated to 
take place with the Cu nanofiber once more surface covering with the near two-dimensional 
crystals. However, the crystal coverage density was here found increased, and no significant 
variation in fiber diameter nor attraction between neighbour fibers could be discerned. 
 
6.3.3. Comparison of chemical and mechanical desorption routes  
 
A comparative bar chart showing the differential in ion removal for the second 
adsorption cycle after desorption by NaOH and ultrasonication treatment respectively, is 
presented in Figure 6.56 (A) in the case of simultaneous adsorption and Figure 6.56 (B) in the 
case of separate adsorption. 
 
Figure 6.56. Comparison of adsorption performance in the second cycle after chemical 








Chemical desorption was first investigated, and it was found that higher rates of 
desorption were reached in ideal water conditions at pH 7, in a solution of 5 µM NaOH, 
potentially affected by a consequent lowering in the Cu nanofibers pHPZC [540]. The Cu 
nanofibers demonstrated a similar performance over two cycles in the simultaneous uptake of 
As (V), Cu (II) and Cr (VI), while a rise in the performance variation occurred in the single ion 
adsorption systems, highlighting the interaction between metal ions at the reduced fiber surface 
[536]. As incomplete desorption yields were reached, the thermal reduction of Cu nanofibers 
entailed the further growth and oxygen removal of the adsorbate nanocrystals covering the 
nanofibers surface. Further investigation on the desorption procedure parameters as well as on 
thermal reduction duration and temperature would enable the control of the adsorbent fiber 
reduction degree, diameter, crystal structure and morphology. However, the re-adsorption on 
reduced adsorbate surface crystals resulted in a similar performance compared to first 
adsorption, while of an apparently reduced contact surface area from the significant diameter 
increase after thermal reduction. 
 It can thus be thought that with an engineering study of the chemical desorption and 
regeneration route parameters, the Cu nanofibers could be used as a surface template during 
first adsorption, before an improved adsorption performance via layering of adsorbate ions on 
previously reduced adsorbate crystals. 
Mechanical desorption via ultrasonication and thermal reduction allowed to retrieve a 
Cu nanofiber morphology significantly similar as to before first adsorption. The Cu nanofibers 
showed a similar performance over two adsorption cycles in simultaneous metal ion adsorption, 
while significantly decreased for each single metal ion system. In the second adsorption 
process, though similar adsorption mechanisms were observed compared to the previous 







could be observed, which may thus explain the decreased performance in the single metal ion 
system for 1 h reaction time. Instead, a highly homogeneous adsorption could be monitored. 
The loss of disparate microstructures for the homogeneous fiber electrostatic attraction, surface 
crystal growth and coverage density, thus may suggest that a similar second adsorption 
performance is reachable over a longer duration of reaction. 
6.4. Summary and outcomes 
 
Copper-based nanofibers delivered outstanding removal capacities in the adsorption of 
As (V), Cu (II) and Cr (VI). It was often found that the ion uptake followed an oscillatory trend, 
with desorption phenomenon attributed to a physical desorption of adsorbate crystals, either 
through mechanical forces or through the lowering of the adsorbent pHPZC, enabling a 
subsequent adsorption phenomenon. Indeed, the Cu nanofibers showed a simultaneous 
adsorption-surface reduction behaviour leading to adsorbate crystallization, with the total 
conversion of As (V) to As (III), and the at least 50 % conversion of Cr (VI) to Cr (III). 
Polyelectrolyte adsorbate ordered microstructures could be observed in the case of competitive 
metal ion adsorption, notably in the presence of arsenic oxyanions and copper cations. The 
interactions between the three metal ions at the nanofiber surface was found to enhance the 
yields of the nanofibers redox reactions and the adsorbate uptake. Further investigations on the 
Cu nanofibers dose for metal ion initial concentration ratio and on the solution initial pH and 
ionic strength would be beneficial to determine the maximal uptake capacity of the nanofibers 
and reach complete ion removal. 
Concerning the adsorption mechanism, it was observed that electrostatic forces 
between neighbour fibers played a major role. Indeed, the electric field at the nanofibers surface 







structure at the fibers intersection, or into the partial junction of two neighbour fibers. The 
formation of a bead into a central fiber, later releasing a nano or micro-particle could also be 
noticed at acidic pH. The action of these physical forces was found to be strongly impacted by 
the solution pH and the metal ion specie in solution. Metal ion adsorption sites were further 
localized at the surface of the nanofibers copper oxide surface crystals.  
The Cu nanofibers showed suitable ion selectivity towards arsenic in the presence of 
phosphate and sulphate salts in mildly basic pH conditions, thus making of the fibers promising 
candidates for selective arsenic removal from contaminated groundwater effluents. 
A chemical and mechanical desorption routes were investigated, and it was found that 
NaOH etching, which is a common desorption protocol for metal oxide surfaces, was merely 
appropriate, with maximal desorption yielded for a 5 µM NaOH bath, translating a neutral pH 
of 6.95, thus different from literature reports where over 0.5 M NaOH concentrations are often 
used. With an incomplete desorption and after adsorbent thermal reduction to regenerate 
electron vacancies, this method enabled an enhancement in the ion uptake over a second 
adsorption cycle, even though with a virtually decreased contact surface area, attributed to the 
preferential adsorbate ion adsorption onto a previously reduced adsorbate crystal of the same 
element. Mechanical desorption via ultrasonication of the adsorbent yielded as well significant 
but not total yields of desorption and were found to up to a degree recreate the Cu nanofiber 
morphology after thermal reduction. Further investigations could thus be led to establish a 








Chapter 7. Adsorption performance of metal-based 
nanofibers in industrial effluents 
 
Metal/metal oxide nanofibers of varying composition and microstructure have been 
tested in adsorption of heavy metal ions in two industrial effluents provided by the Institut 
National de la Recherche Scientifique (INRS) in Quebec, Canada. This Chapter first presents 
the adsorption results obtained in the removal of arsenic, copper and chromium elements from 
an acid digestion of CCA-preserved wood, then in the removal of nickel, cadmium, manganese 
and zinc species from a lixiviate of alkaline and Ni-Cd spent batteries. The adsorptive 
behaviour of Cu nanofibers in the wood-treated effluents will then be critically discussed in 
light of the performance of Cu nanofibers in model conditions.  
 
7.1. Adsorption in an acid digestion of CCA-preserved wood 
 
This section first presents the composition of the collected lixiviate of timber that had 
been treated with a chromated copper arsenate (CCA) preservative compound. Then, the 
performance of copper-based nanofibers will be showcased. 
7.1.1. Lixiviate of timber treated with CCA preservative 
 
The formulation of the waterborne preservative CCA dates of 1933, and was widely 
used worldwide since then, up until its restriction in several countries in the early-2000s [541]. 
In Australia (NSW), its use in high-contact structures has been banned since 2004 [542]. CCA 







prevent the bonding of crustaceans and fungi [543, 544]. However, natural weathering or in-
water application was found to cause the release of CCA components in water, namely 
pentavalent arsenic, hexavalent chromium and divalent copper [543, 544]. The major effects 
on the environment and human health from water contamination by these metalloid and heavy 
metals are presented in Chapter 2. The release in water of CCA compounds stems from the 
presence of heavy metals in the form of oxide, with 18.5 % of CuO, 47.5% of CrO3, and 34% 
of As2O5 in the most used CCA formulation [544]. Minimum lifespan had been estimated to 
30 years in freshwater and 15 years in estuarine waters [543, 544]. The CCA industrial 
treatment on timber was usually performed via a vacuum-pressure impregnation process [543, 
544].  
To prepare the lixiviate used in this study, several red pines (Pinus resinosa) utility 
poles treated with CCA in the presented above formulation were collected, with the year of 
treatment varying from 1991 to 2010 [545]. After chipping, grinding and sieving, the wood 
samples were processed by acid leaching with three leaching steps with analytical grade 
sulphuric acid (98% purity) of 2 h followed by three rinsing steps of 7 min with DI water [545]. 
The lixiviate was then obtained after separation of the wooden chips using a 1.6 mm pore size 
glass fiber filter [545]. Sodium hydroxide was occasionally added to the lixiviate to raise the 
pH in the neutral zone, to represent an environmental water quality.  
Table 7.1 presents the total organic carbon (TOC) content in the lixiviate before and 
after adsorption experiments by Cu nanofibers and at 2 different pH, namely as received, pH 
2.0, and in the neutral range, pH 6.2. The initial high content in organics is attributed to the 
presence of fine wood structures. A substantial increase can be noticed after adsorption 







carbon structures from wood, by the metal-based nanofibers or the adsorbed and reduced 
species. 
Table 7.1. Results of the TOC analysis on the CCA treated wood before and after 
adsorption by Cu nanofibers. 
Name TOC (mg/L) 
As received (pH 1.98) 1796 
After adsorption with Cu nanofibers 1841 
Modified (pH 6.20) 1816 
After adsorption with Cu nanofibers 1848 
 
 
7.1.2. Removal of CCA-metals by copper-based nanofiber adsorbents 
 
7.1.2.1. Influence of pH  
 
Two medium pH were investigated in this study, respectively pH 2.0, using the waste 
effluent as received, and a pH raised in the neutral range to 6.2 by addition of NaOH, towards 
the Cu nanofibers zero point of charge. Although in model conditions the copper ions 
precipitated for a pH above 4.8 when in mixed solution with the arsenic and chromium salts, 
no precipitation of copper was here observed for neutral pH 6.2. However, the ionic strength 
of the received waste effluent was unknown. 
Results 
Figure 7.1 shows the performance of Cu nanofibers in the removal of CCA-metals in 
the presence of sodium and sulphur respectively in received conditions with initial pH 2.0 and 







to 31 g/L in neutral medium. Chromium, arsenic and copper were detected respectively at 650, 
500 and 350 mg/L, while sulphur was present at 13 g/L. 
 
 
Figure 7.1. Removal performance of As, Cr, Cu, Na and S from a CCA-wood lixiviate 
by Cu nanofibers at natural initial pH 2.0 (A) and raised initial pH 6.2 (B). Conditions: 
dose 0.2 g/L. 
A highly similar removal percentage was recorded for all ions, independently from their 
range of initial concentration. The removal performance also follows the same trend at both 
pH of quick adsorption, release and re-adsorption, however in different kinetics. Indeed, at pH 
2.0, a maximal adsorption plateau around 35 % is reached at 1 h until 3 h, before dropping at 
5 h to close to 20 % removal. With an initial pH of 6.2, the maximal adsorption peak was of 
above 40 % and reached after 1 h, before dropping down to below 5 % at 3 h and rising back 
at 5 h. Sodium removal was found to similar compared to other ions in the acidic system, 
however its removal was substantially improved compared to other ions at pH 6.2, plausibly 
from its increase in initial ion concentration. Indeed, the removal of sodium reached a peak of 












−, in the presence of 𝑁𝑎+ and 𝐻𝑆𝑂4
−. At initial pH 





2−, in the presence of 𝑁𝑎+ and 𝑆𝑂4
2− [186, 357, 546]. The main leachate agents 
in the preparation of the effluent were oxalic acid, sulphuric acid and ammonium chloride. 
Oxalic acid exists in water mainly under the form H2C2O4 at pH 2.0, while under the form 
(C2O4)
2- at pH 6.2 [547]. Aqueous effluent with ammonium chloride in neutral conditions was 
shown to react with zinc cation, under the form ZnNH3Cl3
-, which would impact the removal 
performance compared to acidic conditions [548]. 
 Solution pH was measured to vary respectively from 1.98 to 1.61 and from 6.20 to 
6.01.  It can be noticed that the variations in pH before and after reaction are of the same order 
for both systems, thus suggesting that the major ion removal mechanisms followed could be 
similar and thus to a degree pH independent. Such mechanism could include the formation of 
solid phases and ternary complexes with reduced metal ions by the action of the Cu nanofibers 
[536]. 
Figure 7.2 presents SEM and TEM micrographs showing the variation in Cu nanofiber 










Figure 7.2. SEM and TEM micrographs of Cu nanofibers after CCA effluent adsorption 
at initial pH 2 (A, C, E) and pH 6.2 (B, D, F). 
 
A significantly different fiber and web morphology was observed after reaction in 
acidic and neutral medium. Indeed, after reaction with initial pH 2.0, the fiber morphology was 
found homogeneous, similar to as before adsorption although without the presence of the 







188 to 220 nm suggest a plausible coating of the Cu nanofibers with adsorbate crystals, 
contained below a 15 nm size, as shown in Figure 7.2 (E). Furthermore, adsorbate 
microstructures of no particular shape were found heterogeneously distributed among the web 
structure and growing in between the nanofibers, as can be seen in Figure 7.2 (A).  
In contrast, with initial pH 6.2, the fiber diameter homogeneity was lost, with a surface 
covering of near spherical crystals of varying sizes up to 200 nm, as shown in Figure 7.2 (B, 
D, F).  Several fibers appeared to have merged together or are gathered together, which resulted 
in the creation of larger pores in the fiber web, of a several micrometers size, as can be observed 
in Figure 7.2 (B, D). A film overlay structure could also be seen partially covering the fibers, 
of dimensions below 50 nm, as shown in Figure 7.2 (B). Finally, Figure 7.2 (F) presents a 
SEM micrograph showing a view of the Cu nanofiber web acquired within one of the web 
multi-micrometer size surface pores. Spherical crystals with a more narrow and homogeneous 
size and shape distribution compared to the surface layer were observed, with an average size 
established at 53 nm. Though similarly to the surface the nanofibers formed bundles, it was 
found that pores of a lower width compared to the surface were created, all below 1 µm. 
A XPS survey was led onto the fiber web after adsorption in both acidic and basic 










Figure 7.3. XPS Survey spectrum acquired at the surface of Cu nanofibers after 
adsorption of CCA waste effluent in basic (A) and acidic conditions (B). 
 
In both cases, all CCA-metals were detected, though each was found to account for less 
than 2 at%, thus confirming that the Cu nanofibers surface was entirely recovered with 
adsorbate. Carbon was found to be the main element, accounting respectively for 64 and 52 
at% with decreasing pH, while oxygen represented 32 and 33 at%. The decrease in medium 
pH also favoured the uptake of sodium and sulphur, accounting for 2 and 4 at%, respectively 
against 0.5 and 1 at%.   
Analysis 
The performance of Cu nanofibers in the simultaneous adsorption of As (V), Cr (VI) 
and Cu (II) in model solution, was presented in Chapter 6 (section 6.2). In comparison with 
this CCA contaminated effluent, it was found that both the removal pattern and rate of removal 
for the CCA metal ions here presented are comparable to the ones observed in model solutions. 
Regarding the adsorbent morphology after reaction however, no comparable results were 
obtained with the model solutions, which can be explained by the unknown precise 







surface clusters were found also detached from the nanofibers, forming a precipitate and 
leaving imprint holes on the fibers. In the CCA effluent, though the surface cluster release 
would be expected from a catalytic activity at acidic pH, no imprint holes are observed, 
consistently with the always positive uptake of copper, thus contraindicating a weight loss from 
the nanofibers themselves. Then in neutral medium in the CCA effluent, the presence of 
nanoparticulate adsorbate grown in a film and covering fiber bundles can be correlated with 
the model solutions, though more comparable with the SEMs depicting the initial pH 2.0 
system. This particular finding suggest that the effluent ionic strength could have had a strong 
impact on the nanofiber performance from the resulting strong electric field at the Cu 
nanofibers surface, thus making the adsorbent morphology more comparable to a model 
solution with a higher potential, at acidic rather than neutral pH. 
In the study of the model solutions, it had been established that the nanofiber web was 
acting as a catalyst to reduce the arsenate and chromate ions to help the formation of a 
polyelectrolyte adsorbate block [226, 529, 536]. The marginal presence of arsenic, chromium, 
sulphur and sodium detected in the nanofiber web surface XPS spectra and considering the 
relatively important uptake for each ion considered is thus consistent with the formation of a 
solid phase that would grow in thickness until a point of mechanical weakness for the nanofiber 
web to withstand, entailing the detachment of the adsorbate block from the nanofiber web 
surface, leading to the observed ion removal plateau. Indeed, the nanofibers at acidic pH in the 
CCA effluent showed to have preserved their homogeneous morphology and the formation of 
a precipitate during reaction was observed.  Furthermore, the release of copper ions from the 
nanofibers had been previously observed at pH 2 in model solutions, and it is thus likely that 
the acidic pH caused the release from the original nanofiber Cu-based surface crystallites, 







which would thus each marginally account in the XPS elemental analysis of the nanofiber 
surface [98, 221].  
In neutral conditions in the CCA effluent, a phenomenon of atom adsorption onto the 
nanofiber surface copper crystallites as well as on embedded copper oxide spherical crystals 
resulted in the relative loss in fiber morphology [490]. A mass transfer is believed to have 
occurred through electrostatic forces at the fiber scale, plausibly from the in-fiber crystal 
growth, resulting in the bringing up of the fiber polymer matrix to the surface, thus explaining 
the weak percentage in copper detected on the web surface XPS spectra. Electrostatic 
interactions at the nanofiber web scale were also evidenced with the agglomeration of 
neighbour nanofibers, thus modifying the fiber web pore geometry [13]. The agglomeration 
phenomenon was also found to be decreased for nanofiber layers below the surface, and can 
thus be linked directly to the electric field surrounding the nanofiber web, plausibly influenced 
by the high presence of cations from sodium around the deprotonated nanofiber copper oxide 
surface. 
7.1.2.2. Influence of copper-based nanofibers fabrication route  
 
Three PVA-Cu based webs annealed in different conditions to yield a different 
oxidation degree, pore size and morphology were selected in this study, to observe the impact 
of the fabrication route on the adsorption performance. The three structures were obtained from 
an electrospun PVA-Cu composite mat, respectively (i) the Cu nanofibers, obtained after 
reduction at 800°C, (ii) the significantly Cu2O nanofibers, obtained from air annealing at 500°C 
followed by reduction at 300°C, and (iii) the Cu2O/Cu nanofibers, obtained from air annealing 
at 500°C followed by reduction at 300/600°C. The respective fiber morphology, crystal 










Figure 7.4 presents the three Cu-based nanofiber structures removal performance of 
the CCA-metals in the presence of over 10 g/L of sodium and sulphur, used for the digestion 








Figure 7.4. Removal of As, Cr, Cu, Na and S from a CCA-wood lixiviate by Cu2O/Cu 







at 800°C (A), and by 500°C air annealing followed by reduction at 300°C (B) and 
300/600°C (C). Conditions: dose 0.2 g/L, initial pH 2.0. 
Figure 7.4 (A) presents the performance of Cu nanofibers over a span of 3 h of reaction, 
showing the increasing of contaminant removal until plateau after 1 h, reaching in average 35 
% removal for all ions. For comparison, Figure 7.4 (B) presents the performance of air 
annealed and 300°C reduced nanofibers over 1 h reaction. After rising to an average of 12 % 
removal after 15 min, a desorption back to 2 % after 25 min was observed, before another rise 
to 4.5 % removal in average after 1 h of reaction. The nanofiber web disaggregated itself 
overtime due to the mechanical agitation, which is likely to participate in the release of copper 
noticeable on the graph. In the first 5 minutes of the reaction, these copper-based nanofibers 
showed a higher affinity for copper ion removal, with a removal of 12 % after 1 min compared 
to an average of 4 %. This preferential affinity for copper removal is also shown on Figure 7.4 
(C) in the case of air-annealed and further reduced at 300/600°C nanofibers, with a copper ion 
removal recorded in average 4 % over other ions. Similarly, to the air-annealed and 300°C 
reduced nanofibers, a desorption phenomenon after 25 min was observed, though in this case 
from an average removal of 17 % down to 12 %, before rising again to an average of 31 % 
removal and 35 % removal for copper after 1 h of reaction. 
 
A decrease in solution pH after 1 h of reaction were recorded for the three nanofiber 
webs, from pH 1.98 to respectively pH 1.61, pH 1.87 and pH 1.83 for the Cu nanofibers, and 
for the air-annealed with 300°C and 300/600°C reduction. 
The morphology of the copper-based nanofiber webs obtained through air-annealing 








Figure 7.5. SEM micrographs of copper-based nanofibers after adsorption in CCA waste 
effluent in received conditions, obtained by 500°C air-annealed and reduction 
respectively a 300°C (A) and 300/600°C (B). 
In Figure 7.5 (A, C) is presented the web and fiber morphology of the 300°C reduced 
copper-based nanofibers. The formation of aggregations of both nanofibers and adsorbate can 
be seen randomly through the web, of less than 50 µm in width and growing both on the web 
surface and in-between fiber layers, as shown in Figure 7.5 (A). The aggregation process of 
neighbouring nanofibers induced the creation of larger pores in the web structure in the vicinity 
of the lump formations, reaching sometimes around 10 µm in width. The nanofiber morphology 
after adsorption is shown in Figure 7.5 (C), and shows a heterogeneous morphology with a 
fiber surface coverage with crystals of various sizes and of no-particular shapes. Nanofiber 
average diameter was shown to have grown from 156 nm before adsorption to an average of 







In Figure 7.5 (B, D) is presented the web and fiber morphology of the 300/600°C 
reduced copper-based nanofibers. The entire web surface was found covered with adsorbate 
crystals with a spherical or elongated shape and below 1 µm in size. 
Analysis 
The performance of copper-based nanofibers air-annealed and thermally reduced was 
investigated and compared to the Cu nanofibers in acidic conditions. It was found that the 
300°C reduction led to the poorest performance of maximal 12 % ion removal before a release 
in copper from the acidic pH and perhaps the dispersion of the nanofibers. The dual reduction 
plateau at 300 and 600°C led to a smoother fiber surface texturation, composed of fused copper 
grains. The reduced local disorder and metal coordination were shown to improve the surface 
reactivity, which resulted in an ion removal in a similar rate of the Cu nanofibers, though 
reached after 1 h. A different adsorption mechanism was enlightened for the two structures. 
Indeed, the 300°C reduced nanofibers were found heterogeneously enlarged through an 
adsorbate coating phenomenon, and formation of lumps in-between the fibers, both also 
observed in model solutions. The filling up of electron vacancies from the larger proportion in 
defective copper oxide from the low temperature reduction is believed to have led to this 
obtained fiber morphology. In comparison, after 600°C reduction, the formation of elongated 
and spherical crystals strongly bonded to the nanofiber web surface was revealed. 
 









This section is dedicated to the presentation of the performance of Cu nanofibers in the 
heavy metal decontamination of a lixiviate of spent batteries. Divided in three subsections, the 
effluent compositions will be first presented, followed by the adsorption performance in batch 
and dynamic filtration conditions. The performance of Cu nanofibers will also be compared to 
single Ni and bi-metal Cu-Ni nanofibers. 
7.2.1. Acid digestion of alkaline and Ni-Cd batteries 
 
The development of electronic appliances for mass consumption has boomed and 
grown since the twentieth century. However, the business of battery recycling has only more 
recently expanded, and further research needs to be done to bring a solution for the recovery 
and re-use of the precious metals. Furthermore, battery recycling including from Australian 
households is not a well implanted process and a majority of battery waste is dumped in 
landfills or with common waste, favouring the water contamination with heavy metals. 
However, more than 10 billion of alkaline batteries have been produced worldwide, since its 
introduction in the 1950s [549]. There are several types of battery waste, including alkaline 
(Zn-MnO2), saline (Zn-carbon), lithium (Li-SOCl2, Li-MnO2), nickel-cadmium (Ni-Cd), 
nickel-metal hydride (NiMH), lead-acid, lithium-ion (Li-CoO2, Li-MnO2) and lithium-polymer 
[550]. For this effluent, alkaline and nickel-cadmium batteries were hand-picked. The reactions 
between zinc and manganese in alkaline batteries can be expressed as follows in Equation (6.1 
to 6.3): 
𝑍𝑛(𝑠) + 2𝑂𝐻
−  → 𝑍𝑛𝑂(𝑠) + 𝐻2𝑂 + 2𝑒
−, 𝐸0 = 1.28 𝑉      (6.1) 
2𝑀𝑛𝑂2 + 𝐻2𝑂 + 2𝑒
−  →  𝑀𝑛2𝑂3(𝑠) + 2𝑂𝐻
−, 𝐸0 = 0.15 𝑉 (6.2) 
𝑍𝑛(𝑠) + 2𝑀𝑛𝑂2(𝑠)  ⇆  𝑍𝑛𝑂(𝑠) + 𝑀𝑛2𝑂3(𝑠), 𝐸









While the redox reaction in nickel-cadmium batteries can be expressed as follows in 
Equation (6.4 to 6.6): 
𝐶𝑑 + 2𝑂𝐻−  → 𝐶𝑑(𝑂𝐻)2 + 2𝑒
−, (6.4) 
2𝑁𝑖𝑂(𝑂𝐻) + 2𝐻2𝑂 + 2𝑒
−  ⟶ 2𝑁𝑖(𝑂𝐻)2 + 2𝑂𝐻
−,     (6.5) 
2𝑁𝑖𝑂(𝑂𝐻) + 𝐶𝑑 + 2𝐻2𝑂 ⇆ 2𝑁𝑖(𝑂𝐻)2 + 𝐶𝑑(𝑂𝐻)2, (6.6) 
 
Developed methods to successfully recover the metals include pyro metallurgy, 
hydrometallurgy and physical treatments [550, 551]. In this study, battery recycling from a 
leachate mixture was initially prepared for the design of a hydrometallurgical treatment 
solution to recover the heavy metals [552]. However, this acid digestion also represents a harsh 
heavy metal contaminated effluent suitable to study the impact of external factors such as 
competitive sulphates on the metal recovery by adsorption. 
The lixiviate of batteries was obtained from a mix of alkaline and nickel-cadmium 
batteries, which are illustrated in Figure 7.6 [553]. The electrodes sheets in the nickel-cadmium 
batteries as well as the metal powders in the alkaline batteries were first dismantled manually 
from the cell shell, then reduced in a fine powder by crushing and grinding, then filtering 
through 2mm and 1mm sieves before being dried overnight [552]. Sulphuric acid, ammonium 
chloride and oxalic acid were selected as the principal leaching agents, in a 10% (w/v) solid-









Figure 7.6. Schematic of a nickel-cadmium and alkaline battery cell [553] 
 
The total organic carbon present within the effluent, was found respectively of 18 and 
17 mg/L before and after reaction. This poor TOC is consistent with the battery digestion 
preparation method and it can be assumed the organic comes from residual plastics. 
Furthermore, the TOC after reaction confirms that there is no organic adsorption from the 
nanofibers. 
7.2.2. Removal of Ni, Cd, Zn, and Mn ions in batch adsorption 
 
7.2.2.1. Performance of Cu nanofibers 
 
Results 
Figure 7.7 presents the ion removal performance of Cu nanofibers in a spent battery 
waste effluent with an initial pH 2.0, presented in Figure 7.7 (A), and with initial pH 6.2, 








Figure 7.7. Ion removal performance from spent battery waste by Cu nanofibers 
respectively with initial pH 2.0 (A) and pH 6.2 (B). 
 
Nickel, cadmium, zinc and manganese were detected in initial concentrations 
respectively of 2.86, 1.14, 1.18 and 9.27 g/L, in the presence of sulphur at 48.9 g/L and sodium 
present at 97.4 g/L at pH 2.0 and at 153.9 g/L at pH 6.2. Comparatively to the CCA waste 
effluent, all ions were found to follow the same trend of removal, even for different conditions 
of initial ion concentration. A neutral pH was found detrimental to the ion removal 
performance, with a maximum removal of in average 52 % though reached after 1 min, 
compared to a maximum removal of 71 % with an initial pH 2.0, reached after 30 min. 
The Cu nanofibers are believed to follow a similar ion removal pattern of spontaneous 
adsorption after 1 min before desorption and re-adsorption to reach a plateau after 15 min of 
reaction. In the strongly acidic system, the desorption step was found very limited, below 5%, 
while the desorption step in the neutral system was shown to have an extent between 10 and 
15 %. Consistent with the EM analysis presented below, the formation of an adsorbate block 
strongly bonded to the fibers induced by the ion exchange process can explain the observed 







 A substantial variation in pH was observed after reaction with both initial pH, 
respectively increasing from pH 2.04 to 2.35, and decreasing from pH 6.16 to 5.82. While the 
pH variations are similar in value, the amounts of H+ ions involved are different, which is 
consistent with the involvement of different adsorption mechanisms as shown below. 
Figure 7.8 presents SEM micrographs showing the morphology of the Cu nanofiber 
web after adsorption at both initial pH 2.0, shown in Figure 7.8 (A, B), and initial pH 6.2, 
shown in Figure 7.8 (C, D).  
 
 
Figure 7.8. SEM micrographs of Cu nanofibers after ion removal in the spent battery 
effluent at initial pH 2 (A, B) and pH 6.2 (C, D).  
In acidic conditions, the adsorbate structure was found to cover the entire nanofiber 







particular shape and of a size contained below 500 nm were observed bounded to the adsorbate 
block, and plausibly growing randomly to enlarge the adsorbate structure. 
In neutral conditions, the fiber morphology after adsorption was found similar as to 
after the adsorption of CCA-metals in acidic conditions. Indeed, the fibrous morphology was 
preserved and showed a rather homogeneous adsorbate coating of the Cu nanofiber surface. A 
limited film formation could be observed on the web surface layer, heterogeneously distributed 
and below 20 µm in dimension. A growth in the average fiber diameter was measured from 
189 nm to 347 nm respectively before and after adsorption.  
Figure 7.9 (A) presents a TEM micrograph of a Cu nanofiber after adsorption in a spent 
battery effluent in neutral conditions.  
 
Figure 7.9. TEM micrograph (A) and spot EDS spectra (B) of a Cu nanofiber after 
adsorption in a spent battery effluent at pH 6.2. The red cross on the micrograph 
corresponds to the spot where the EDS was acquired. 
 
The nanofiber showed a smooth surface without the protrusion or imprint hole of the 
original Cu-based near spherical surface crystallites. A population of near spherical in shape 







EDS spectra acquired within the fibers. It revealed the presence of manganese, nickel and zinc, 
along with sulphur and chlorine on the surface of the nanofiber, thus consistent with the effluent 
composition. 
Analysis 
A similar ion removal rate was observed at both acidic and neutral pH, with a maximal 
removal plateau by Cu nanofibers of around 60 % reached from 15 min of reaction. For both 
pH, all target ions are believed to exist in their cationic Cd2+, Ni2+, Mn2+, and Zn2+ form [357]. 
The formation of an adsorbate block strongly bonded to the nanofibers was observed in acidic 
conditions, compared to an observed fiber enlargement in neutral conditions. However, the 
formation of a precipitate was observed during both reactions, suggesting that a consequent 
adsorbate block as well formed in neutral medium. The ion-exchange processes evidenced in 
acidic conditions in model solutions may thus induce a stronger metal bonding maintaining the 
adsorbate block platform on the nanofiber web for further cluster growths on the solid phase. 
 
7.2.2.2. Performance of bi-metal Cu-Ni nanofibers 
 
Results 
Figure 7.10 presents the performance in acidic conditions of Cu-Ni nanofibers, shown 








Figure 7.10. Ion removal in spent battery waste by bi-metal Cu-Ni nanofibers (A) and 
Ni nanofibers (B) with initial pH 2.0. 
Similarly, all ions were adsorbed at a similar rate of removal for both adsorption 
systems. As per Cu nanofibers, both Cu-Ni and Ni nanofibers showed a peak removal after 15 
min of reaction, respectively of 80 % and 79 %. The two systems were found to follow a similar 
adsorption pattern of increasing removal over 15 min followed by a plateau from 15 min of 
reaction. Contrary to ion removal with Cu nanofibers, in which solution pH was shown to 
increase from 2.04 to 2.35, solution pH decreased over the reaction from pH 2.04 to pH 1.89 
for both Cu-Ni and Ni nanofibers. This reversal in the pH variation trend translates a reversal 
in the trend of consumption of H+ ions during adsorption, and thus indicates that the major 
presence of nickel within the nanofibers potentially critically changes the adsorption 
mechanism. However, given the complex system of ions in solution, no further insight can be 
given as to the adsorbate layer formation, which could also consume H+ ions in substantial 
enough proportions to induce a decrease in solution pH. 
Figure 7.11 presents a SEM and a TEM micrograph showing the Cu-Ni nanofiber and 









Figure 7.11.  SEM (A) and TEM (B) micrographs of Cu-Ni nanofibers after adsorption 
in a spent battery effluent at initial pH 2.0. 
The nanofibers were shown to have enlarged through coating of adsorbate crystals of 
varying sizes and of no particular shape, resulting in a web with heterogeneous fiber 
morphology. A phenomenon of neighbouring nanofibers agglomeration could be 
distinguished. The average nanofiber diameter was measured to have grown from 148 nm 
before adsorption to 343 nm after adsorption, however with a standard deviation of 139 nm. 
Figure 7.12 presents a spot EDS spectrum acquired on a Cu-Ni nanofiber after ion 
removal in a spent battery effluent at initial pH 2.0, along with a TEM micrograph indicating 











Figure 7.12. TEM micrograph (A) and spot EDS spectrum (B) of a Cu-Ni nanofiber after 
adsorption in a spent battery effluent at initial pH 2.0. The red cross on the micrograph 
indicates where the spot EDS spectra was acquired. 
The elemental analysis revealed copper and nickel as the main components on the spot 
scan, showing that if an adsorbate structure is covering the nanofiber surface, the nanofiber 
core is still strongly visible. Manganese and sulphur were detected in marginal quantities 
compared to the fiber constituents. Gold, chromium, and cobalt were detected; however, these 
elements were not monitored via ICP, or detected as trace contaminant compared to the target 
ions. 
Analysis 
The Cu-Ni nanofibers thus showed that the ion removal followed for both pH the same 
uptake pattern, as per the single metal Cu nanofibers. Nickel and copper-nickel nanofibers 
exhibited a maximal removal of 80 % in average, compared to 60 % in the same conditions for 
the Cu nanofibers. The catalytic activity of nickel and nickel oxide is thought to have helped 
in the formation of polyelectrolyte complexes and solid phases [496]. Furthermore, as the Cu 
nanofibers demonstrated a particular affinity with copper ions, a performance improvement in 







Cu-Ni nanofibers, a steady plateau which could be associated to a slow diffusion of the battery 
metal ions into the nanofibers surface crystals was observed after the spontaneous and rapid 
adsorption ramp [554].  
7.3. Summary and outcomes 
 
The Cu nanofibers demonstrated an outstanding performance in the removal of CCA 
and battery-metals, showing removal percentages of above 35 % for 0.2 g/L of adsorbent dose 
and metal ion concentration above 350 mg/L in the large presence of sulphate and sodium. The 
combined catalytic and adsorptive behaviour of the nanofibers resulted in the formation of an 
adsorbate block and precipitate, which is not infirmed by the comparable removal percentage 
observed for all ions, suggesting the formation of adsorbate in set atomic proportions. 
However, the unknown effluent ionic strength and exact composition make it challenging to 
highlight the interactions at stake with the Cu nanofibers, and explain their unselective 
character. 
The performance of single nickel and bi-metal copper-nickel based nanofibers was 
compared to Cu nanofibers in the spent battery effluent, containing nickel ions. The nickel-
containing nanofibers demonstrated a similar performance between themselves, however 
improved when compared to the Cu nanofibers, which may be attributed to their induced 
catalytic activity and affinity with nickel ions. The metal-based nanofiber webs thus 
demonstrated great potential to be used on industrial scale for reduced exposition times below 





















The development of metal-based nanofibers with enhanced surface reactivity for heavy 
metal capture applications in aqueous medium was the focal point of this Thesis. The metal-
based nanofibers were fabricated using polymer-metal salt sol-gel electrospinning followed by 
thermal treatment including thermal reduction. The novelty of this work lies in the 
characterization of the various crystal structures and oxidation degrees obtainable by 
adjustment of the thermal procedure in terms of atmosphere and temperature, for both single 
and bi-metal nanofiber webs. 
The control of the electrospinning instabilities was essential to ensure a reproducible 
and homogeneous fiber morphology with a narrow diameter distribution. To do so, particular 
attention was given to the precursor polymer chain crosslinking with metal ions, determining 
a suitable trade-off between a fibrous morphology given by the polymer template and the fiber 
population density in metal atoms. The concomitant release in metal atoms from the polymer 
degradation and metal crystal formation kinetics were then investigated in the thermal 
treatment of the electrospun nanofibers, in function of the atmosphere and temperature. Since 
the degradation of poly(vinyl alcohol) in partial Hydrogen is considerably slowed compared to 
in air, the limited release in metal atoms during the heating ramp even though to higher 
temperatures enabled for the control of the copper/copper oxide crystal population shape and 
size. Meanwhile, the reducing atmosphere impacted the movement of reduced metal atoms to 
the fiber surface and the formation of nanofiber surface protruding crystals. The combination 







composition for the thermally reduced nanofibers, with the remaining organic template acting 
as a capping agent on the embedded crystal population.  
The thermally reduced nanofibers delivered an outstanding performance in the capture 
of heavy metal ions through a spontaneous phenomenon of chemisorption and reduction, with 
capacities regularly over 500 mg/g and up to 1.3 g/g for arsenic in a As (V) – Cu (II) system. 
The participation of different adsorption mechanisms such as ion exchange or metal bonding 
were found to be regulated by the medium pH. Meanwhile, the ion initial concentration was 
found to impact the phenomenon of release and precipitation of the surface adsorbed and 
reduced heavy metal. The copper nanofibers were found to be selective to arsenic in the 
presence of sulphates and phosphates, and initiated the formation of a dense polyelectrolyte 
structure on the nanofibers surface when metal cation and oxyanion are present in solution. The 
reuse of the nanofiber adsorbent was investigated using both chemical and mechanical 
techniques, with the nanofibers showing a steady performance compared to the first cycle.  
In realistic conditions, the metal-based nanofibers showcased also a good performance 
in the remediation of heavy metal ions in harsh effluents, such as lixiviates of preserved wood 




The electrospun nanofiber web undergo a shrinkage up to 45 % in surface and 73 % in 
fiber diameter during thermal treatment, mainly from the removal of the polymer template. The 
applied heating ramp when over 5 ᵒC/min for PVA-based nanofibers will also affect the 
shrinkage and the flatness of the nanofiber web from the additional stress caused by an 







and metal coalescence as well as the study of the impact of released copper ions catalytic 
properties on the organic template degradation in function of the temperature could benefit the 
limitation of the observed shrinkage.  
Another limitation concerns the synthetized nanofiber web microstructure, which core-
shell or grain necklace morphology, or which mix in oxidation states composition, will impact 
on the web mechanical and electrical properties. For instance, the handling of the CuO 
nanofiber web after air annealing in the 400 to 600 ᵒC temperature range is poor from the 
nanofibers brittleness due to their hollow character combined to the loose interconnection 
between the metal oxide crystals. However, a subsequent reduction process strengthened the 
nanofibrous structure by filling the core and allowing for grain growth. Thermal reduction also 
limited the carried static electricity charge by the nanofiber web.  
Finally, although showing a preferential affinity for copper and arsenic ions, the copper-
based nanofibers did not demonstrate a selectivity between the three metal ions considered. A 
deeper investigation of the nanofibers surface chemistry could allow to reach a speciation of 
the metal ion uptake based on the ion valence. 
8.3. Future work 
 
The study of the interactions between grains during thermal process would be beneficial 
to yield mechanically stronger nanofibers. Work on the annealing procedure such as sample 
insertion at the temperature plateau should be carried out to further investigate the concomitant 
kinetics of metal coalescence and polymer degradation. Though the presence of a carbon matrix 
with PAN electrospinning was undertaken, other supports such as silica could also be 







Future characterisation work shall include a thorough characterization of the adsorbent 
nanofibers after adsorption, with a material in-depth composition study and microstructure 
analysis. The exploitation of the XAS technique combined to HE-XRD with atomic pair 
distribution function (PDF) shall be helpful to determine which bounds have been formed 
between the copper oxide nanofiber surface and the reduced heavy metal ions.  
Though the performance of copper-based nanofibers has been showcased in harsh 
effluents, a knowledge of the effluent precise composition and ionic strength would benefit the 
study of the action of the nanofibers.  
Furthermore, a complementary study on the catalytic action of the copper oxide 
nanofiber surface would enable a deeper understanding of the hysteresis of catalysis and 
adsorption of heavy metal ion complexes at the nanofiber surface. The impact of the Cu 
nanofibers catalytic properties onto the ion uptake mechanisms could be further investigated 
by comparing the adsorbate anchorage location with a polymer nanofiber web functionalized 
with copper inclusions. 
For commercial applicability, the up-scalability of the nanofiber web production shall 
be looked into, for instance using means of needle-less electrospinning such as the 
Nanospider®. Furthermore, the recycling of the nanofiber adsorbent shall be investigated over 
a larger number of cycles of use. Lastly, the application of metal-based nanofibers in a dynamic 
adsorption system shall be studied in order to showcase the potential of metal-based nanofibers 
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Appendix 1. Production up-scalability using Nanospider® 
 
In order to assess the up-scalability of the composite nanofiber production. selected 
precursors of PAN-Ag. PVA-Cu and PVA-Ni have been electrospun on a Nanospider ® device. 
with Figure A1.1. Figure A1.2. and Figure A1.3 respectively showing SEM micrographs of 
the obtained structures for each precursor. On the Nanospider ®. the precursor is coated on a 
charged rod. with a solution reservoir moving back and forth along the rod. Above the coated 
rod is a non-woven collector winded at a desired speed. with another rod behind it to create the 
attractive electric force. hence is electrospinning happening vertically. Parameters for solution 
delivery are thus the moving speed of the solution reservoir and the dipping aperture controlling 
the deposition thickness. while parameters affecting the electric field would be the distance 
inter-rod and the collector winding speed. Table A1.1 presents the range of parameters 
investigated and highlight the combination of parameters for the most successful trial per 
precursor. The distance was fixed to 18 cm. as per reported in the literature for PVA spinning. 
The aperture allowing the rod to dip in the solution hence controlling thickness coating on the 
rod was fixed to 0.6 mm. which is a standard for polymers. The collector was static in this 
spinning experiments. Applied voltage and reservoir travel speed were varied to investigate the 












Table A1.1. Electrospinning parameters investigated on the Nanospider ® for a PAN-























The challenges associated with spinning a PAN composite precursor included the 
multi-nozzle formation on the charged rod. which disturbed the trajectory followed by the jets. 
In the case of PAN-Ag. packs of jets were observed to the same trajectory. which translated 
into the ribbon-like structure noticeable on Figure A1.1. One jet formation from the top of the 
reservoir to the collector was observed to hop from fiber to fiber on the collector. following the 
travel of the reservoir along the rod. This resulted in the formation of loops raising from the 
collector and further defining the ribbon-like structure. An explanation for this phenomenon 
could be the electrostatic attraction for the spun fibers and repulsion for the collector. charged 
with -5 kV. The crystallization of metal salt on the second trial. resulting from an increase of 
15 kV in the applied voltage on the solution rod. was found increased compared to the 
conventional electrospinning method. Indeed. crystalline formations of approximatively 500 
nm in size are observable on the fibers surface. compared to below 50 nm crystallites on the 









Figure A1.1. SEM micrographs of a PAN-Ag precursor electrospun using the 
Nanospider ®. spun with a 50 kV (A) and a 65 kV (B) absolute voltage respectively (-5 
kV applied on collector). Electrospun at 18 cm distance. 0.6 mm aperture. 1.5 s/transfer 
travel frequency. 
 
In the trials for electrospinning of PVA-Cu. an aqueous precursor compared to PAN-
Ag and of increased viscosity. the electrospinning performed well for several travels of the 
reservoir. estimated to 60. then the number of expulsed jets started to significantly drop until 
no more spinning occurs. as can be seen from sparse fibers shown on Figure A1.2. The reason 
advocated was the over-coating of solution along the rod. which is incrementally preventing 
the spinning. The increased viscosity compared to PAN-Ag would also play a role in the pulling 
up of solution from the rod. and the allowance of a longer time between solution coatings may 
enable the electric field to draw up a sufficient volume of solution before the coating becomes 
too thick for the electric field strength. The travel frequency was thus decreased by half to 3 
seconds per travel. however the spinning quality did not significantly improve. Also. and 
contrary to conventional spinning. metal salt crystals could here too be observed on the fiber 
surface. suggesting a proportion of metal salt free-loaded in the precursor. However. the 
precursor proved to be a homogeneous sol-gel in the conventional electrospinning set-up. It 







of the precursor coating on the rod. especially as the phenomenon is more obvious for a 3 
s/travel frequency. may induce a shift in the sol-gel equilibrium with partial crystallization as 
a result. To avoid this phenomenon. the electric field strength could be increased to accelerate 
the jets and the amount of solution spun per travel of the reservoir. or the precursor viscosity 
lowered to create more jets. 
 
Figure A1.2. SEM micrographs of a PVA-Cu precursor electrospun using the 
Nanospider ®. spun with a 1.5 s/travel (A) and a 3 s/travel (B) frequency respectively. 
Electrospun at 18 cm distance. 0.6 mm aperture. 50 kV absolute voltage (-5 kV applied 
on collector). 
 
Lastly. a PVA-Ni precursor was trialed on the Nanospider ®. chosen for its highest 
conductivity. No crystal formation could be observed on the fibers surface compared to the 
spinning of PAN-Ag or PVA-Cu. with no incremental recession of the spinning process as in 
the case of PVA-Cu. as shown on Figure A1.3. The higher conductivity resulted in a 
multiplication of the number and an acceleration of the jets compared to other precursors. thus 
thinning the solution coating enough before the next passage of the reservoir. However. a wide 
distribution of fiber diameter can be observed. and non-localized. indicating adjustments in the 







collection of fused fibers. from the jet acceleration and potentially lower amplitude bending 
trajectory followed by the jets. 
 
 
Figure A1.3. SEM micrographs of a PVA-Ni precursor electrospun using the Nanospider 
®. spun with a 35 kV (A) and a 70 kV (B) absolute voltage. with respectively -5 kV and 
-10 kV applied on collector. Electrospun at 18 cm distance. 0.6 mm aperture. 1.5 
s/transfer travel frequency. 
 
Precursor viscosity was found to be a major impediment in the adaptation of the 
conventional to Nanospider ® electrospinning process. The requirement of a higher range of 
applied voltage on the solution compared to conventional electrospinning may also entail a 
partial crystallization of the salts. A way to avoid this phenomenon was found to be the further 
increase of the precursor charge density to enhance the spinning speed at a lower voltage than 
the standard voltages applied to polymers. In these preliminary trials. the reached production 








Appendix 2. Copper and/or Silver – based nanofibers in anti-bacterial 
separation 
 
Disclaimer : The references for the Appendixes are ascertained at the end of 
each Appendix. 
 
Electrospun nanofibers show potential for separation due to their inherent high porosity and 
homogeneity in web morphology and pore size distribution [1-4]. Then, as anti-microbial 
agents, pure silver and copper surfaces have been reported for their excellent properties, with 
the latter being a cheaper material alternative [1, 2, 4]. In the first part of this work, PVA-Cu 
and PAN-Ag both electrospun and thermally treated nanofibers were investigated in air and 
water separation. In a second part, the anti-bacterial activity of the silver and/or copper 
containing nanofibers synthetized in this study was evaluated against gram negative 
Escherichia Coli strains. This study aimed to demonstrate the potential of metal-based 
nanofibers as a bactericidal membrane, for further applications as a membrane active layer to 
limit fouling in both air and aqueous medium.  
 
A2.1. Separation performance of metal-based nanofibers 
 
In this section is first presented the performance of electrospun PVA-Cu nanofibers in 
air microfiltration. For this study, three electrospun PVA-Cu membranes of varying pore size 
and fiber morphology were selected to discuss the key properties required to synthetize an 
efficient air microfilter. Performance in water microfiltration will then be  presented, on 







with a thermally treated PAN-Ag nanofiber membrane, further used in the dynamic filtration 
of E. Coli. 
A2.1.1. Air microfiltration 
 
A2.1.1.1 Characterization of PVA-Cu air microfiltration membranes 
 
Figure A2.1 shows the three structures selected in this study to establish a nanofiber 
membrane profile suited for air filtration, electrospun from a 60:40 wt% PVA-Cu precursor. 
The membranes were electrospun in different conditions of electric field and solution volume 
at the needle tip. The corresponding parameters of absolute voltage, needle tip-collector 
distance, needle gauge and feed rate are presented in Table A2.1. One membrane was 
electrospun in conditions of strong electric field (EF) and low solution volume at the needle tip 
(feed volume, FV), relatively to the reported optimum conditions, and is shown in Figure A2.1 
(A, B). It can be seen that the fibers are not smooth and show copper-based crystals at the 
surface, as a consequence from the high voltage (18 kV) applied at the needle tip, and probably 
also from the polarization duration along with the low feed rate (0.2 mL/h). To allow spinning 
without spraying, the needle gauge was adapted to 18G and hence the feed rate consequently 
lowered to its final value of 0.2 mL/h. The 18G needles have a larger internal diameter of 0.84 
mm, compared to 21G needles of 0.51 mm apertures. To avoid reaching a fused fiber mat from 
partial solvent evaporation due to the significant jet acceleration, the needle tip to collector 
distance was augmented to 20 cm. In Figure A2.1 (C, D) is shown a membrane spun in relative 
strong conditions of electric field (16 kV) and near optimal conditions of feed volume. The 







Finally, a reference membrane spun in pre-determined optimal conditions of electric field for 
solution volume at the needle tip ratio is shown in Figure A2.1 (E, F).   
Table A2.1. Summary of the applied electrospinning parameters of applied voltage 
(absolute) and needle-collector distance defining the electric field, and of needle gauge 




Electric field (EF) Feed volume (FV) 
Absolute voltage (kV) Needle-Collector distance (cm) Needle gauge Feed rate (mL/h) 
Strong EF, Low FV 18 20 18 G – ID 0.84 mm 0.2 
Strong EF, Normal FV 14 18 21 G – ID 0.51 mm 0.5 








Figure A2.1. SEM micrographs of 3 PVA-Cu membranes respectively spun at strong 
electric field (EF) and low feed volume (FV) (A, B), strong EF and normal FV (C, D), 
and normal EF and FV (E, F). 
 
The respective membranes pore size and fiber diameter distributions are presented in 
Figure A2.2, with the corresponding statistical values reported in Table A2.2. It can be seen 
from Figure A2.2 (A) that the higher the applied voltage during spinning, the lower the average 







as shown in Figure A2.2 (B), a typical result of the increase of the electric field strength. The 
narrow pore size distribution is usual for electrospun structures, and further confirms the 
negligible presence of membrane defects such as droplets or beads. Regarding membrane fiber 
diameter distribution, it can be seen that the higher voltage created three different classes of 
fiber diameters for both the 16 kV and 18 kV applied voltage.  In the case of 16 kV (strong EF) 
and normal FV, three narrow diameter distributions were identified respectively centred around 
200 nm, 600 nm and 1050 nm. In the case of 18 kV (strong EF) and low FV, the regulation of 
the amount of solution to draw led to a lighter span of the global diameter distribution, yet still 
with three distinct classes centred around 300 nm, 400 nm and 550 nm. As different spinning 
conditions translate in different jet trajectory and acceleration, and thus a different spinning 
duration for the same web thickness, it is challenging to accurately estimate the appropriate 
spinning duration for each membrane. However, the membranes thickness was maintained in 
a similar range, varying from 110 to 125 µm (± 15 µm). 
 











Table A2.2. Statistical values for membrane pore size and fiber diameter distributions. 
Electrospinning configuration 
EF – Electric Field 
FV – Feed Volume (at needle tip) 
Strong EF, Low FV Strong EF, Normal FV Normal EF, Normal FV 
Average Membrane pore size in µm (± 
0.05 µm) 
1.15 1.35 1.81 
Pore size at bubble point in µm (± 0.1 
µm) 
1.28 1.47 1.71 
Average fiber diameter (nm) 318 ±141 617 ±339 410 ±59 
Average fiber diameter precision (%) 10.9 15.5 4.5 
 
A2.1.1.2. Membrane filtration efficiency and quality factor 
 
Figure A2.3 shows the filtration efficiency of the four membranes against KCl crystals 
with a size ranging from 0.3 to 5 µm, along with a comparison between the global quality factor 
and pressure drop for each membrane. The applied face velocity for the test was of 5 cm/s. It 
can be seen from Figure A2.3 (A) that all three membranes offered respectable separation 
performance over 96 % for all 300 nm to 5 µm particles sizes, for a quality factor comprised 
between 0.005 and 0.03 as shown in Figure A2.3 (B).  Concerning the 5 µm particle, as it is 
well over the membrane pore size at bubble point established below 1.71 µm, simple sieving 
mechanism can be argued for its capture. For lower particle sizes, the mechanisms of inertial 
impaction, interception and diffusion were considered [5]. Inertial impaction occurs when the 
particle inertia hits the fiber even though the air had flowed around the fiber. When the particle 
gets smaller, the forces balance is modified and the particle should flow with the air stream, 
yet it may be intercepted by the fiber as the particle tries to flow around [5]. Diffusion occurs 







their behaviour and only get captured through random collisions [5]. Inertial impaction and 
interception are thus the suggested mechanisms at stake in the capture of KCl crystals below 
5µm. 
The membranes spun in a strong electric field showed a lower performance compared 
to the reference membrane, especially for the 300 nm and 5 µm bins. This performance 
decrease at the lowest and the highest particle size may result from the wider fiber diameter 
distribution from the membranes spun in strong EF [2, 3]. As nanofiber media, less air 
molecules compared to larger fibers are impacting the fiber surface, thus are the air molecules 
more able to preserve their initial flow velocity, known as slip-flow [5]. This slip-flow 
phenomenon implies that more KCl crystals will travel near to the fiber, thus increasing 
interception and inertial impaction [5]. Considering a slip-flow fiber-particle interaction, as 
shown in Figure A2.4, a non-homogeneous fiber diameter distribution across the membrane 
will impact the balance of the forces exerted on the particle and thus might allow 300 nm and 
5 µm particles to go through. Furthermore, a different fiber diameter would affect the 
separation performance as it implies a different contact surface area and a different length to 
cover in order to slip around the fibers. While the difference in fiber surface area may influence 
the forces of adhesion and friction exerted on the particle, the potential difference in proximity 
between the fibers could also affect the shear flow hence the drag and lift force [6]. 
 In terms of membrane average pore size, no significant impact can be linked to 
the membrane air filtration performance, however it can be considered that the maximal pore 
size difference between the considered membranes is of 0.43 µm. Concerning the significantly 
lower performance of the membranes spun in strong EF and low FV, the roughness of the fibers 
as imaged in Figure A2.1 can be advanced to explain the larger standard deviation due to the 







especially for 300 nm and 5 µm particle size, even with a narrower diameter distribution than 
the strong EF/ normal FV spun membrane [7, 8]. Indeed, a localized surface texture on the 
nanofiber would also affect the balance of the forces exerted on a KCl crystal in a slip-flow 
capture mechanism.  
 
Figure A2.3. Air filtration efficiency (A) and parameters of pressure drop and quality 
factor (B) for the 3 PVA-Cu membranes. 
 
 
Figure A2.4. Schematic highlighting the impact of a non-homogeneous fiber diameter 
distribution in membrane sieving, in case of a slip-and-flow fiber particle interaction. 
Schematic presenting the force balance exerted on the particle by the fiber and air flow, 








Figure A2.5 present a FTIR spectra and perm-porometry analysis before and after air 
filtration test. The FTIR analysis shows that no absorption of KCl crystal occurred on the PVA-
Cu nanofibers during the air filtration testing. The perm-porometry analysis was conducted to 
show that no membrane delamination resulted from the test, and thus cannot be advocated for 
the lower capture result of 5 µm crystals, further suggesting the profile of the membrane fiber 
diameter distribution to be in cause.  
 
Figure A2.5. FTIR spectra (A) and porometry analysis (B) obtained for a PVA-Cu 
membrane electrospun at 18 kV, 20 cm, 0.2 mL/h, 18G before and after air filtration 
test. 
 
A2.1.2. Water microfiltration 
 
Figure A2.6 presents the water separation performance of fluorescent latex beads for 
600°C reduced PVA-Cu and PAN-Ag nanofibers. If all fibers efficiently reject particles over 
2 µm size, the separation performance drops around 90% for 1 µm size particles and between 







distribution and the statistical values for the membrane pore size and fiber diameter distribution 
measurements after thermal reduction. 
 It can be seen that both membranes present a narrow pore size distribution, respectively 
centered around 1.8 µm and 3 µm for copper and silver based nanofibers. Although silver-
containing nanofiber membrane shows the highest pore size, it offers the best performance in 
comparison, with over 90% efficiency for the capture of particles down to a third of its pore 
size. This result suggests that nanofiber diameter distribution is all the more important in regard 
of the resulting separation efficiency. In this case, it is believed that a fiber diameter distribution 
centered around 555 nm will lead to an improved relationship with water flux reduction as well 
as a promoted contact with the beads in the below tested range of particle size than a fiber 
diameter distribution centered around 330 nm as the copper-based nanofiber membrane.  
Regarding the dimension of a single E. Coli bacteria, of 2 µm in length without the 
flagellum and of 1 µm in width, we can consider that the reduced nanofibers still offer a suitable 








Figure A2.6. Aqueous separation performance of fluorescent latex beads by PVA-Cu 
and PAN-Ag nanofibers after electrospinning and after thermal reduction. Conditions: 
pressure 15 kPa, Flux 1.3 mL/min. 
 
 
Figure A2.7. Membrane pore size (A) and fiber diameter (B) distributions for 600°C 
reduced PVA-Cu and PAN-Ag nanofiber membranes. 
 
Table A2.3. Statistical values for membrane pore size and fiber diameter distributions. 
 Reduced PVA-Cu Reduced PAN-Ag 
Average membrane pore size in µm (± 
0.05 µm) 
1.79 3.06 
Pore size at bubble point in µm (± 0.1 
µm) 
1.91 2.94 
Average fiber diameter (nm) 330.2 ± 66 555.2 ± 42 
Average fiber diameter precision (%) 8.8 3.3 
 
 
A reduced web of PAN-Ag was further trialed for the filtration of E. Coli. Silver-based 







oxide nanofibers. The aim of this trial was to monitor the real-time synergy of dead bacteria 
fouling film formation and bacteria contact killing, as well as looking at the penetration through 
the membrane of submicrometer size degraded bacteria.  
 
Figure A2.8 presents the fiber web morphology after filtration of 1-5.108 CFU/mL of 
E. Coli dispersed in peptone water. The bacteria concentration was measured by optical density 
using a calibration curve and indicated a decrease of 25% in bacteria count, meaning close to 
a 1 log reduction. This bactericidal activity concords with the inhibition zone in petri dish 
check, however semi-degraded bacteria may also have impeded the count. Yet, strongly limited 
fouling can be seen on the web surface facing down, meaning bacteria penetration was not 
significant. It can be seen that brought to surface silver crystals have been preserved on both 
faces of the fiber web, and that the surface facing up towards the work solution present 
disparate film formation recovering the fibers. Those films appear to have circular spots of 









Figure A2.8. SEM micrographs of annealed and reduced PAN-Ag nanofibers 
respectively facing upwards (A, C, E) and downwards (B, D, F) in the E. Coli anti-









A2.2. Anti-bacterial activity of copper and/or silver based 
nanofibers: case of gram negative Escherichia Coli 
 
 
In this section is discussed the performance of copper and/or silver containing 
nanofibers against E. Coli. The antibacterial activity of electrospun nanofibers will first be 
presented, which interest lies in the similar size of E. Coli with gram negative Legionella 
Pneumophila bacteria, thus enabling the discussion of the potential use of composite 
electrospun nanofibers as anti bacterial air microfilters. The reduced nanofiber web flexibility 
of thermally treated metal-based nanofibers make of such materials better candidates for 
separation in aqueous medium compared to air. In this view, the anti bacterial activity of 
thermally treated nanofibers was as well investigated and will be presented in a second section, 
with a discussion on the preferential atmosphere (oxidative or reductive) of thermal treatment 
wished for an efficient bactericidal activity. 
 
A2.2.1. Electrospun nanofibers 
 
Figure A2.9 shows the antibacterial properties of electrospun copper and/or silver-
containing nanofiber membranes according to an adapted protocol from standard ISO 20645. 
The lowest performance was obtained for copper-based nanofibers, with the PAN-Cu and 
PVA-Cu nanofiber webs showing an inhibition zone respectively of 0.9 mm and 1.2 mm after 
24h of incubation from an inoculation of 1-5.108 CFU/mL, as presented in Table A2.4. 
However, according to the standard protocol, an inhibition zone over 1 mm demonstrates a 







produced are suitable for antimicrobial applications. All nanofiber webs do have a 60:40 Wt% 
polymer to metal ratio, except for PAN-Cu/Ag with a 50:25:25 Wt% ratio. The slightly 
improved performance of PVA-Cu over PAN-Cu nanofibers may be explained by a larger 
proportion of copper on the PVA fiber surface, as shown in the XPS survey analysis presented 
in section 4.2.2, reporting respectively 3.03 At% and 1.2 At% of copper Cu2p. This difference 
in the propensity of copper ions at the surface could be due to electrospinning of metal ions in 
a free volume in the case of the PAN precursor. However, the higher performance for the PVA-
based fiber could potentially also be linked to the anti-bacterial mechanism, as PAN contrary 
to PVA demonstrated a potential in catalysis, and might interfere [9]. PAN-Ag nanofibers 
showed an inhibition zone of 2.0 mm, which is explained by the higher bactericidal potential 
of silver compared to copper [4]. As shown in section 4.2.2, the XPS surface analysis also 
revealed a presence of 2.85 At% of Ag3d for PAN-Ag fibers, which is very close to the 3.03 
At% reported for PVA-Cu fibers. The combination of silver and copper in a PAN fiber, with a 
combined metal ratio of 50 Wt%, showed the highest inhibition zone, of 3.1 mm. The higher 
bactericidal performance could be due to the added performance of individual antibacterial 
mechanisms for each metal, but might also result from an increased metal presence at the fiber 
surface, since the XPS survey revealed a presence of 0.88 At% of Cu and 4.4 At % of Ag. 
Figure A2.10 shows SEM micrographs of the membranes before and after test. For the 
PAN-based nanofibers there is no degradation or swelling, and very limited fouling, with no 
live bacteria present on the fiber webs. In the case of PVA-Cu nanofibers, a swelling occurred 
from the long term exposure to aqueous agar media, which is consistent with the water 
separation results. The nanofibers do not exhibit a smooth structure anymore, with the 
apparition of copper-based microcrystals on the surface of PVA-Cu nanofibers, with a 







metal-based particles can be spotted on the fiber surface before test, potentially resulted by the 
slow reduction of metal ions at ambient temperature in the PAN which improves the fiber web 
anti-bacterial properties. 
In the case of metal nanoparticle biocides, reports in the literature suggest that 
electrostatic interaction between the positively charged nanoparticles and negatively charged 
bacteria are crucial for the material biocide potential [4]. It is here too believed to be the case, 
with the reaction between the nanofiber and the bacteria entailing the reduction of the copper 
present on the nanofiber surface.  
In the case of Escherichia Coli, chromosomally encoded copper detoxification systems 
exist to tolerate and regulate the presence of copper within the bacteria [10]. Indeed, the excess 
Cu (I) is transported from the cytoplasm to the periplasm by the CopA ATPases, which reside 
in the cytoplasm membrane [10, 11]. In the periplasm, the copper level is regulated by the 
copper efflux system CusCFBA, while the copper redox state is controlled by the enzyme 
CueO, multicopper oxidase [10, 11]. Contact killing as the anti-microbial action mechanism of 
PAN-Cu nanofibers is here suggested, with the disruption of the metabolic processes via the 
deregulation of the three encoding systems defined above, namely copA, cus, and cueO, making 
the bacteria vulnerable to the presence of copper ions, following a redox-type reaction between 
nanofibers and gram negative bacteria. In the case of PVA-Cu nanofibers, ion diffusion is 
advanced, based on the metal donor atom selectivity, with the release of Cu (II) ions, later 
forming complexes with bacteria functional groups or replacing other metal ions such as Zn 
(II). This result stems from the observation of a secondary inhibition zone around the bacteria-
free PVA-Cu nanofiber web, as can be seen in Figure A2.9.  
Similarly for PAN based and silver-containing nanofibers, previous studies on silver-







membrane, triggering an anti-inflammatory response that ultimately cause cell membrane 
disruption and intra-cellular substances leakage. 
 
Figure A2.9. Microscope images of electrospun PVA-Cu (A), PAN-Cu (B), PAN-Ag (C) 
and PAN-Cu/Ag (D) nanofibers showing the inhibition zone against E. Coli after 24h, 












Table A2.4. Measured inhibition zones for the corresponding PVA-Cu, PAN-Cu, PAN-
Ag and PAN-Cu/Ag membranes. 
Membrane PVA-Cu PAN-Cu PAN-Ag PAN-Cu/Ag 










Figure A2.10. SEM micrographs respectively before and after anti-bacterial test on agar 









Figure A2.11 shows a schematic of the Escherichia Coli bacteria considered in this 
study. Filtration efficiencies for a PVA-Cu membrane respectively in air and water separation 
were of 70 % and 95 % for a 1 µm particle, and of 78% and 98 % for a 2 µm particle, 
corresponding to the E. Coli bacteria width and length. Moreover, crosslinked PVA-Cu showed 
good humidity and moisture resistance from air filtration and anti-bacterial tests, respectively. 
 Airborne or amphiphilic bacteria, such as the family of gram negative Legionella, 
including notably Legionella Pneumophila, shows a similar shape as  E. Coli, yet without 
flagellum. The width and length of bacteria from the  Legionella family varies respectively 
between 0.3 and 0.9 µm, and 2.0 and 3.0 µm [12]. Electrospun polymer-metal nanofibers 
therefore showed to be promising candidates as an affordable mean for anti-microbial 
separation. 
 











A2.2.2. Thermally treated nanofibers 
 
To benchmark with composite nanofibers, the antibacterial activity of thermally treated 
nanofibers has also been investigated. The brought-to-surface metal content by the annealing 
treatment was believed to further enhance the bacterial killing efficiency due to an improved 
contact. Two annealing routes, under air and under reductive atmosphere were investigated to 
look at the impact of the nanofiber metal oxidation state onto the antibacterial behavior.  
Figure A2.12 presents the photographs of inoculated petri dishes after 24h incubation 
for under air annealed nanofibers from PVA-Cu, PAN-Cu, PAN-Ag, PAN-Cu/Ag composite 
mats. The amount of nanofibers was normalized by exposed surface of contact, taking into 
account the average fiber diameter of the annealed mat. It can be seen that none of the fiber 
webs possess a significant antibacterial effect, as per qualitative standard ISO 20645. The 
reason advocated for this poor performance of air-annealed nanofibers is the state of oxidation 
of the metal at the fiber surface, which hence plays a crucial role compared to the metal surface 
of contact on the fiber as electrospun fibers showed a better performance. Indeed, under air 
treatment showed to expose Cu (II) oxide type CuO on PVA-Cu nanofibers, which hinders the 








Figure A2.12. Photographs of the inoculated petri dishes after 24h following standard 
ISO 20645 for under-air at 500°C annealed nanofibers of PVA-Cu (A), PAN-Cu (B), 
PAN-Ag (C), PAN-Cu/Ag (D). 
 
Figure A2.13 shows the photographs of the inoculated petri dishes after 24h incubation 
in the presence of reduced at 600°C nanofibers from PVA-Cu, PAN-Cu, PAN-Ag, and PAN-
Cu/Ag. Table A2.5 presents the respective maximum inhibition zones observed for each 
annealed and reduced fiber mat. On top of a total surface of contact with a metal-based surface, 
the oxidation state has been reduced and confirms to be a key factor for an efficient antibacterial 







transformed into a Cu nanofiber web covered with a less than 10 nm thin layer of Cu (I) oxide 
type Cu2O, textured with pure Cu crystals of less than 200 nm size. The antibacterial activity 
of the copper/copper oxide nanofibers cleared the plate from E. Coli bacteria, hence meaning 
an inhibition zone over 450 mm. The blue circle surrounding the fibers is typical of Cu (II), 
indicating an ion diffusion antibacterial mechanism. Figure A2.13 (B) and Figure A2.13 (C) 
show the inhibition zones for reduced single metal PAN-based nanofibers, which are 
respectively 2 and 4 mm for copper and silver-containing fibers. The considerably lower anti-
bacterial activity was attributed to the more disparate presence of metal at the nanofiber surface, 
and perhaps to the unresolved embedment of metal-based coalesced crystal within an organic 
matrix. Figure A2.13 (D) shows the inhibition zone for a reduced PAN-Cu/Ag nanofiber web, 
which also showed to clear the petri dish from bacteria. However, contrary to the copper/copper 
oxide nanofibers, no ring of colour can be noticed around the fibers.  
Yet, it can be seen that the reaction with bacteria reduced the nanofibers to a metal state 
from the observed shining color of the mat, also seen fully in the case of the copper/copper 
oxide nanofibers, and in spots in the case of the PAN-Cu and PAN-Ag based nanofibers. From 
the photograph, it can also be seen that the copper is encased in a silver structure, with one spot 
of a light grey blue color suggesting the presence of copper (II) and silver. It can thus be argued 
that the reaction between nanofiber and bacteria entails the reduction of the copper or silver 
present on the nanofiber surface. This is consistent with reports in the literature suggesting that 
electrostatic interaction between the positively charged nanoparticles and negatively charged 
bacteria are crucial for the material biocide potential, in the case of metal nanoparticle biocides 
[4]. It would thus also explain the inefficacy of air annealed metal nanofibers against bacteria, 










Figure A2.13. Photographs of the inoculated petri dishes after 24h following standard 
ISO 20645 for annealed under reductive atmosphere nanofibers of PVA-Cu (A), PAN-
Cu (B), PAN-Ag (C), PAN-Cu/Ag (D). 
 
Table A2.5. Summary of the corresponding maximum inhibition zone (cm) for each 
nanofiber composition. 
Reduced membrane PVA-Cu PAN-Cu PAN-Ag PAN-Cu/Ag 









Figure A2.14, Figure A2.15, Figure A2.16 and Figure A2.17 show the variation in 
fiber web morphology for reduced PVA-Cu, PAN-Cu, PAN-Ag and PAN-Cu/Ag nanofibers 
respectively. It can be seen on Figure A2.14 in the case of copper/copper oxide nanofibers that 
the fibers became covered of dead bacteria, with the fiber shape hardly distinguishable at a 1 
µm resolution, in Figure A2.14 (D). Blocs structures looking rather crystalline can be 
sporadically observed at a 10 µm resolution in Figure A2.14 (B), which are suggested to be 
due to successive cycles of copper ion diffusion and reduction, resulting in an adsorbed copper-








Figure A2.14. SEM micrographs of 600°C reduced PVA-Cu nanofibers respectively 
before (A, C) and after (B, D) static E. Coli anti-bacterial test ( adapted from standard 
ISO 20645). 
 
Figure A2.15 shows the variation in morphology for a PAN-Cu reduced fiber mat. 
Partial fouling of the fibers can be observed. The thermal reduction treatment on the fiber web 
also applied to the electrospinning droplets defects across the web, which can be seen from 
Figure A2.15 grew larger in size and separated from their reduced copper surface crystals, 
responsible for the bacteria killing action.  
 
Figure A4.15. SEM micrographs of 600°C reduced PAN-Cu nanofibers respectively 









Figure A2.16 presents the variation in morphology for a PAN-Ag reduced nanofiber 
web. The fibers were found partly covered of dead bacteria, and a loss in the fiber surface 
crystals can also be observed, though local crystals can be spotted within the amorphous 
foulant. Furthermore, a 10% in average diminution of the fiber diameter can be observed after 
antibacterial test. This diameter decrease might be consistent bacteria contact killing 
mechanism if the foulant is partly constituted of organic matter from the reduced PAN fiber. 
 
Figure A2.16. SEM micrographs of 600°C reduced PAN-Ag nanofibers respectively 









Figure A2.17 shows the change in morphology for a reduced PAN-Cu/Ag nanofiber. 
Like other PAN-based nanofibers, a partial coverage of the nanofibers by an amorphous film 
is observed after test. Similarly to the case of the reduced PAN-Cu nanofibers, a droplet defect 
looks to have grown in size from 6 µm in average to over 10 µm. The nanofibers themselves 
however look to have preserved their morphology and surface texturation.  
 
Figure A2.17. SEM micrographs of 600°C reduced PAN-Cu/Ag nanofibers respectively 
before (A, C) and after (B, D) static E. Coli anti-bacterial test (adapted from standard 
ISO 20645). 
 
The suggested antibacterial mechanisms has been described in details in the previous 
section [10, 13, 14]. Contact killing and ion diffusion are suggested to be the main ways of 







determinant to the antibacterial performance, which can be explained by the reaction 
hinderance by the presence of oxygen groups at the fiber surface for example in a Cu (II) oxide 
type CuO, leading negatively charged surfaces for both nanofiber and gram negative bacteria. 
Antimicrobial efficiency for oxidized nanofibers against gram positive bacteria such as 
Staphylococcus Aureus was not trialed for safety reasons. Thermal treatment resulted into total 
metal-based surfaces, which significantly improved the antibacterial performance compared to 




This Appendix presented the discussion of the potential of copper and/or  silver -based 
composite nanofiber membranes as material solutions for antimicrobial separation.  
The anti-bacterial activity and air microfiltration performance of electrospun nanofibers 
were first investigated. Three of the electrospun PVA-Cu membranes of varying morphologies 
were tested in the air separation of KCl microcrystals, showing a performance over 98% for 
particle sizes ranging from 300 nm to 5 µm. In this study, fiber diameter distribution and fiber 
surface roughness were suggested to be the major characteristics impacting the separation 
performance, over membrane pore size. Finally, it was established than silver and copper-based 
composite nanofibers each possessed good anti-bacterial properties against gram negative 
Escherichia Coli, with the highest potential attributed to the copper-silver bicomposite 
nanofibers. This higher performance is suggested to be due to the metal presence at the fiber 
surface and to the competition of two bacteria killing mechanism exploiting the affinity with 
copper and silver. As Escherichia Coli is reported to be of dimension around 1 µm by 2 µm, 







or silver-based composite nanofibers are therefore a promising material solution for anti-
bacterial separation. 
The anti-bacterial activity and water microfiltration performance of thermally reduced 
nanofibers was then investigated. It was found that the reduced nanofibers delivered over 90 
% rejection down to 500 nm spherical particles, which thus indicate an overall good 
performance for the sieving of bacteria in the over 1 μm size range. Concerning the anti-
bacterial performance, the reduced nanofibers demonstrated an inhibition zone over 4 mm, 
translating excellent anti-bacterial activity. 
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Figure A3.1. SEM of a PVA-Cu nanofiber web annealed under air at 500°C. 
 
 
Figure A3.2. TGA analysis for electrospun fibers of PVA-Cu (A). and of PVA-Cu. PVA-










Figure A3.3. XANES spectra and LCFs fit for PVA-Cu nanofibers after electrospinning 
(A) and after annealing under air respectively at 150 ᵒC (B). 250 ᵒC (C). and 400 ᵒC (D). 
 
 
Figure A3.4. XANES spectra and LCFs fit for PVA-Cu composite nanofibers annealed 
under air at 500 ᵒC then reduced under 15 % H2/N2 respectively at 300 ᵒC (A) and 









Figure A3.5 EXAFS FT and χ (k) signal for PVA-Cu nanofibers after 500°C air 
annealing and reduction at 300°C (A) and 300/600°C (B). 
 
Figure A3.6. XANES spectra and LCFs fit for PVA-Cu composite nanofibers reduced 
under 15 % H2/N2 respectively at 600 ᵒC (A) and 800 ᵒC (B). 
 
Figure A3.7 EXAFS FT and χ (k) signal for PVA-Cu nanofibers after reduction at 600°C 









Figure A3.8. XANES spectra and LCFs fit for PVA-Ni nanofibers after electrospinning 











Figure A3.9. XANES spectra at the Cu K edge (left) and Ni K edge (right) and LCFs fit 
for PVA-Cu/Ni nanofibers after electrospinning (A. B) and after under air annealing 
respectively at 200 °C (C. D) and 400°C (E. F). 
 
 
Figure A3.10. XANES spectra at the Cu K edge (A) and Ni K edge (B) and LCFs fit for 









Figure A3.11 EXAFS FT and χ (k) signal for PVA-Cu/Ni nanofibers after reduction at 













Appendix 4. Supplementary Materials for Chapter 6 
 
 
Figure A4.1. Application of linear (A). pseudo first order (B). intra-particle diffusion (C) 
and pseudo second order (D) kinetic models to the uptake of As (V) by Cu nanofibers at 









Figure A4.2. Application of linear (A). pseudo first order (B). intra-particle diffusion (C) 
and pseudo second order (D) kinetic models to the uptake of Cu (II) by Cu nanofibers at 









Figure A4.3. Application of linear (A). pseudo first order (B). intra-particle diffusion (C) 
and pseudo second order (D) kinetic models to the uptake of Cr (VI) by Cu nanofibers 
at natural pH 2.2. adsorbent dose 0.2 g/L and initial contamination 650 mg/L. 
 
 
Figure A4.4. SEM micrographs of Cu nanofibers after simultaneous adsorption of As 
(V). Cu (II). Cr (VI) and chemical desorption via NaOH with various concentrations. 
respectively 0.05 M (A). 0.1 M (B). 0.5 M (C) and 1 M (D). 
 
 
 
 
 
 
 
